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FIND THE CONNECTIONS AND YOU’LL FIND SOLUTIONS 
Mapping the genetic linkages among diseases can advance whole categories of medical 
research—just one example of how Northeastern University’s world-leading Center for Complex 
Network Research connects the dots on the global challenges of our time. 


Interdisciplinary research at Northeastern University: Developing practical solutions 
to the global challenges of health, security, and sustainability. 
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Science Signaling, from the publisher of 
Science, AAAS, features top-notch, peer- 
reviewed, original research weekly. Submit 
your manuscripts in the following areas of 
cellular regulation: 


e Biochemistry ¢ Molecular Biology 
Chief Scientific Editor ¢ Bioinformatics ¢ Neuroscience 
Michael B. Yaffe, M.D., Ph.D. | eee Ogy © Eiaimiacoloey 
Associate Professor, Department of Biology ¢ Development Physiology and 
Massachusetts Institute of Technology ¢ Immunology Medicine 
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Nancy R. Gough, Ph.D. Science Signaling is indexed in CrossRef 
AAAS and MEDLINE. 


Submit your research at: 
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Signaling about/help/research.dtl 
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Choose QIAGEN for detection 


Detection platforms, assays, 
and analysis software by QIAGEN 


Use QIAGEN® solutions from sample to result, and benefit from sensitive and reliable detection: 
™ Quantitative, real-time PCR detection 
m Automated analysis of DNA fragments and RNA 


™ Pyrosequencing® sequence-based DNA detection and quantification yoUGE 
CEOs 

sss QIAGEN® 
Making improvements in life possible — www.giagen.com 
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see more 
See beyond 


For years, scientists have relied on ImageQuant™ and Typhoon™. Now we can offer a new 
standard of performance with the Typhoon FLA 9000, Typhoon FLA 7000, ImageQuant 4000, 
and ImageQuant 4000 mini. Covering the full spectrum of imaging methods including 
quantitative Westerns, UV, IR, visible fluorescence, phosphorimaging, and 2-D DIGE, the 
new imagers provide exceptional sensitivity, speed, and versatility. 


At GE Healthcare, our focus is on helping scientists achieve more, faster. However simple or complex 
your imaging needs, you can depend on us for quantitative imaging that’s quantifiably better. 


To find out more about our new range of imagers, contact us today. 
Visit www.gelifesciences.com/imaging 


| AKTA | Amersham | Biacore | IN Cell Analyzer | Whatman | GE Service | 
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| I Y ) d | a} qd tl O a at WO r k trademarks of GE Healthcare companies. 
© 2010 General Electric Company - All rights reserved. 
GE Healthcare Bio-Sciences AB, Bjérkgatan 30, 751 84 Uppsala, Sweden 
GE01-10. First published January 2010. 
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Dendritic cells of the immune system recognize and bind bacteria 
and other microbes by means of receptors expressed on the 
dendritic cell membrane and within the cell, thus triggering an 
immune response. Microbial sensing is associated with the innate 
arm of the immune system, and recent developments in this area 
are described in the special section starting on page 283. 
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Hungry Codons Promote Frameshifting in 
Human Mitochondrial Ribosomes 

R. Temperley et al. 

During translation of mitochondrial genes, 
shifting the ribosome reading frame avoids 
unconventional arginine codons. 


RESEARCH ARTICLE 


Adaptive Evolution of Pelvic Reduction 
in Sticklebacks by Recurrent Deletion 
of a Pitx1 Enhancer 

Y. F. Chan et al. 

Loss of a tissue-specific enhancer explains 
multiple parallel losses of the pelvic girdle 
in stickleback populations. 


REPORTS 


Direct Imaging of Bridged Twin 
Protoplanetary Disks in a 

Young Multiple Star 

S. Mayama et al. 

An infrared image taken with the Subaru 
Telescope reveals young binary stars and 
their circumstellar environments. 


How the Shape of an H-Bonded Network 
Controls Proton-Coupled Water Activation 
in HONO Formation 

R.A. Relph et al. 

Vibrational spectroscopy uncovers the role 
of a surrounding water network in the 
mediating reaction of a solvated ion. 

>> Perspective p. 280 


Electrocatalytic CO, Conversion to 
Oxalate by a Copper Complex 

R. Angamuthu et al. 

A copper complex can reductively couple car- 
bon dioxide, even in the presence of oxygen. 
>> News story p. 257; Science Podcast 


Ligand-Enabled Reactivity and 
Selectivity in a Synthetically Versatile 
Aryl C-H Olefination 

D.-H. Wang et al. 

A palladium-based catalyst eliminates the 


need for halogenated compounds 
for the formation of carbon-carbon bonds. 


Nanoporous Gold Catalysts for Selective 
Gas-Phase Oxidative Coupling of Methanol 
at Low Temperature 

A. Wittstock et al. 

Leaching of gold-silver alloys creates a highly 
active catalyst for partial oxidation reactions. 
>> Perspective p. 278 


Large-Scale Controls of Methanogenesis 
Inferred from Methane and Gravity 
Spaceborne Data 

A. A. Bloom et al. 

Satellite measurements allow the strength 
of wetland emissions of methane to be 
determined. 
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Lower Predation Risk for Migratory Birds 
at High Latitudes 

L. McKinnon et al. 

Egg predation rates measured at artificial 
nests along a 3000-kilometer transect 
decrease northwards. 

>> Perspective p. 276 


The Genetic Map of Artemisia annua L. 
Identifies Loci Affecting Yield of the 
Antimalarial Drug Artemisinin 

|. A. Graham et al. 

A linkage map for an important medicinal 
crop plant points to breeding targets for 
enhancing drug production. 

>> Perspective p. 279 


Tetrathiomolybdate Inhibits Copper 
Trafficking Proteins Through Metal 
Cluster Formation 

H. M. Alvarez et al. 

Complex formation between a copper 
chaperone and a metallo-drug prevents 
copper transfer to target enzymes. 


Global Analysis of Short RNAs Reveals 
Widespread Promoter-Proximal Stalling 
and Arrest of Pol Il in Drosophila 

S. Nechaev et al. 

The initially transcribed sequence plays a 
key role in inducing polymerase stalling. 


Unidirectional Airflow in the 

Lungs of Alligators 

C. G. Farmer and K. Sanders 

Crocodilian and bird lungs share patterns 


of air flow, indicating a common evolu- 
tionary origin. 


G Protein Subunit Go.,3 Binds to Integrin 
83 and Mediates Integrin “Outside-In 
Signaling 

H. Gong et al. 


" 


Cell adhesion mediated by integrins 
is coupled to intracellular signaling 
by direct binding to G proteins. 


Functional and Evolutionary Insights 
from the Genomes of Three Parasitoid 
Nasonia Species 

The Nasonia Genome Working Group 

The genomes of three parasitoid wasp species 
offer insights into speciation, insect evolution, 
and parasitoid biology. 

>> News story p. 260 


Zebrafish Behavioral Profiling 
Links Drugs to Biological Targets 
and Rest/Wake Regulation 

J. Rihel et al. 

The effects of most neuroactive drugs 
are conserved and can be detected by 
behavioral screening. 
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A Genetic Variant BDNF Polymorphism Alters 
Extinction Learning in Both Mouse and Human 

F. Soliman et al. 

Commonly genetic variation in fear learning operates 


through the same pathways in mice and men. 
10.1126/science.1181886 


Evolutionary Dynamics of Complex Networks 

of HIV Drug-Resistant Strains: The Case 

of San Francisco 

R. J. Smith? et al. 

Modeling of data from the U.S. indicates the potential 
for an epidemic wave of antiretroviral-resistant HIV. 
10.1126/science.1180556 


Ferroelectric Control of Spin Polarization 
V. Garcia et al. 
Ferroelectric tunnel junctions control the spin 


polarization of electrons emitted from iron electrodes. 
10.1126/science.1184028 


Effect of Ocean Acidification on Iron Availability 
to Marine Phytoplankton 

D. Shi et al. 

Ocean acidification caused by anthropogenic 
carbon dioxide is changing the chemistry and 
bioavailability of iron in seawater. 
10.1126/science.1183517 


Deglacial Meltwater Pulse 1B and Younger Dryas 
Sea Levels Revisited with Boreholes at Tahiti 

E. Bard et al. 

A coral-based record of sea level from Tahiti defines 
changes in the rate of sea-level rise between 14,000 
and 9000 years ago. 

10.1126/science.1180557 


SCIENCENOW 
www.sciencenow.org 
Highlights From Our Daily News Coverage 


Egyptian Eyeliner May Have 
Warded Off Disease 


Lead-based cosmetics could have killed bacteria 
on the skin. 


Bering Strait’s Ups and Downs Alter Climate 
Rise and fall of the land bridge affect the extent 
of ice sheets. 

Why Light Makes Migraines Worse 


Researchers trace effect to a particular receptor 
in the eye. 
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The Signal Transduction Knowledge Environment 


RESEARCH ARTICLE: Extensive Crosstalk Between 
O-GlcNAcylation and Phosphorylation Regulates 
Cytokinesis 

Z. Wang et al. 

Protein O-GlcNAcylation regulates cell division. 
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RESEARCH ARTICLE: Quantitative 
Phosphoproteomics Reveals Widespread Full 
Phosphorylation Site Occupancy During Mitosis 
J. V. Olsen et al. 

Protein phosphorylation during the cell cycle 

may be an all-or-none process in many instances. 


PERSPECTIVE: Cyclic Nucleotides Converge on 
Brown Adipose Tissue Differentiation 
P. S. Amieux and G. S. McKnight 


cGMP-mediated signaling pathways are required for 
the differentiation and function of brown adipocytes. 


REVIEW: Basal Release of ATP— 

An Autocrine-Paracrine Mechanism 

for Cell Regulation 

R. Corriden and P. A. Insel 

Responses to ATP play an important role in regulating 
the signaling and function of a diverse array of cells 
and tissues. 


GLOSSARY 


Discover what RANKL and RANK mean in the 
world of signaling. 


SCIENCECAREERS 
www.sciencecareers.org/career_magazine 
Free Career Resources for Scientists 


Tenure-Track Jobs Remain Scarce 
S. Carpenter 


Although most universities have cut faculty hiring, 
a few are taking advantage of a rich applicant pool. 


Tooling Up: What's Your Mission? 
D. Jensen 


Your unique life philosophy is the cornerstone 
of your success and job satisfaction. 


Science Careers Blog 
Science Careers Staff 


Get frequent advice, opinion, news, funding 
opportunities, and links to other career resources. 


SCIENCETRANSLATIONAL MEDICINE 
www.sciencetranslationalmedicine.org 
Integrating Medicine and Science 


PERSPECTIVE: Why Most Gene Expression Signatures 
of Tumors Have Not Been Useful in the Clinic 
S. Koscielny 


Gene microarray literature polluted with invalidated 
gene expression signatures needs revamping. 


COMMENTARY: Translational Medicine Policy 
Issues in Infectious Disease 

R. Fears et al. 

European policy strategies can guide the scientific 


community to improve the translational medicine 
environment. 
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SCIENCESIGNALING 
Global view of the cell cycle 
phosphoproteome. 


RESEARCH ARTICLE: Uncovering Residual Effects 
of Chronic Sleep Loss on Human Performance 
D. A. Cohen et al. 


Sleep loss may be lost forever. 


RESEARCH ARTICLE: Intermittent Prophylaxis 
with Oral Truvada Protects Macaques from 
Rectal SHIV Infection 

J. G. Garcia-Lerma et al. 


Treating monkeys with an antiretroviral drug 
before and after exposure to SHIV provides 
protection against infection. 


SCIENCEPODCAST 
www.sciencemag.org/multimedia/podcast 
Free Weekly Show 


Download the 15 January Science Podcast to 
hear about a carbon capture catalyst, parasitoid 
wasp diversity, innate immunity, and more. 


SCIENCEINSIDER 
blogs.sciencemag.org/scienceinsider 
Science Policy News and Analysis 
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Sequencing coverage map of the E. coli genome after using 
NEBNext™ DNA Sample Prep Reagent Set 1 for Sample Preparation 
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E. coli strain MG1655 gDNA was prepared with NEBNext DNA Sample Prep Reagent Set | and sequenced on an Illumina 
Genome Analyzer Il. 


Now available: 

NEBNext™ dsDNA Fragmentase™ 
an enzyme-based solution for the 
fragmentation of DNA 
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CREDITS (TOP TO BOTTOM): PETER KOOMEN AND MTHIJIS ZWIER/UNIVERSITY OF GRONINGEN, NETHERLANDS; WITTSTOCK ET AL. 


Adaptive Girdle Loss 
in Sticklebacks 


How do molecular changes give rise to phenotypic 
adaptation exemplified by the repeated reduction 
in the pelvic girdle observed in separate popula- 
tions of sticklebacks? Now Chan et al. (p. 302, 
published online 10 December) have identified 
the specific DNA changes that control this major 
skeletal adaptation. The key locus controlling 
pelvic phenotypes mapped to a noncoding regu- 
latory region upstream of the Pituitary homeobox 
transcription factor 1 gene, which drives a tissue- 
specific pelvic enhancer. Multiple populations 
showed independent deletions in this region and 
enhancer function was inactivated. Reintroduction 
of the enhancer restored pelvic development in a 
pelvic-reduced stickleback. 


Planetary Midwifery 


Planets form from the materials left behind after 
a star is formed. Unlike the Sun, most stars are 
members of binary systems. Mayama et al. (p. 306, 
published online 19 November) present an in- 
frared image of the protoplanetary disks around a 
young binary star system taken with the corona- 


graph mounted on the Subaru Telescope in Hawaii. 


Each individual disk is clearly visible around its 
star, and comparison with numerical simulations 
suggests that there could be gas flow from one 
disk to the other. The nature of this potential gas 
flow is important in determining where planets 
could form in binary systems. 


It's the Network 


Numerous reactions of small molecules and ions 
in the atmosphere take place in the confines of 
watery aerosols. Relph et al. (p. 308; see the 
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Parasitoid wasps, which prey on 
and reproduce in host insect 
species, play important roles in 
plant herbivore interactions, and 
may provide valuable tools in the 
biological control of pest species. 
The Nasonia Genome Working 
Group (p. 343; see the news story 
by Pennisi) presents the genome 
of three very closely related 
species: Nasonia vitripennis, N. 
giraulti, and N. longicornis. The 
_ findings document rapid evolu- 
tion between a host and endo- 
symbiont that can cause nuclear- 
cytoplasmic incompatibilities 
that may affect speciation. 


Perspective by Siefermann and Abel) explored 
the specific influence of a water cluster’s geome- 
try on the transformation of solvated nitroso- 
nium (NO*) to nitrous acid (HONO). The reaction 
involves (O)N—O(H) bond formation with one 
water molecule, concomitant with proton trans- 
fer to additional, surrounding water molecules. 
Vibrational spectroscopy and theoretical simula- 
tions suggest that certain arrangements of the 
surrounding water network are much more effec- 
tive than others in accommodating this charge 
transfer, and thus facilitating the reaction. 


Heck of an Alternative 


The Mizoroki-Heck reaction is widely used in 
organic synthesis to link together unsaturated 
carbon fragments such as olefins and arenes. 
However, one of its drawbacks is the need to 
append a reactive group such as a halogen to 
one of the reagents beforehand. Wang et al. 
(p. 315, published online 26 November) pre- 
sent an alternative palladium-catalyzed reaction 
that links olefins directly to aryl acids. Oxygen 
added to the reaction medium concurrently oxi- 
dizes the aryl C-H bond at the linkage site, elimi- 
nating the need for prior halogenation. Intro- 
ducing amino acid—derived ligands tunes the 
aryl site at which the reaction takes place, and 
efficient reactivity can be achieved across a 
diverse range of substrates. 


Measuring Methanogenesis 


After carbon dioxide, methane is the second most 
important greenhouse gas, and an important 
species in terms of its role in atmospheric chem- 
istry. The sources and sinks of methane, particu- 
larly the natural ones, are too poorly quantified, 
however, even to explain why the decades-long, 
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steady increase of its concentration in the atmo- 
sphere was interrupted between 1999 and 2006. 
Bloom et al. (p. 322) use a combination of satel- 
lite data, which indicate water table depth and 
surface temperature, and atmospheric methane 
concentrations to determine the location and 
strength of methane emissions from wetlands, the 
largest natural global source. The constraints 
placed on these sources should help to improve 
predictions of how climate change will affect wet- 
land emissions of methane. 


Methanol Coupling 
Catalyzed with Gold 


Gold surfaces can be effective catalysts for partial 
oxidation reactions, in part because lower interac- 
tion strengths of molecules absorbed on gold 
allow products to desorb before further unwanted 
oxidations occur. One challenge in these reactions 
is the low rate of formation of reactive atomic sur- 
face oxygen. Wittstock et al. 
(p. 319; see the Perspective 
by Christensen and 
Nerskov) created high— 
surface area gold catalysts by 
leaching silver from gold-sil- 
ver alloys. This material 
proved to be an effective cat- 
alyst for partial oxidative 
coupling of methanol, yield- 
ing methyl formate. Residual 
silver appears to play a key 
role in activating the dissoci- 
ation of molecular oxygen. 


Predator Avoidance Strategy 


Selective pressures influencing bird migration 
can include availability of food, pressure from 
parasites and pathogens, and predation risk. 
The importance of the last of these is revealed 
by McKinnon et al. (p. 326; see the Perspective 
by Gilg and Yoccoz), who present an experi- 
mental analysis of the benefits of long-distance 
migration for reproduction in arctic-nesting 
birds. Measurements of a controlled effect of 
predation risk along a 3350-kilometer north- 
south gradient across arctic Canada provides 
evidence that the risk of nest predation 
decreases with latitude. Thus, birds migrating 
further north may acquire reproductive benefits 
in the form of reduced predation risk. 


Continued on page 248 
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Science Careers 
in Translation 


Want to build relationships with clinical 
or basic scientists? Get advice on the best 
way to conduct a clinical and translational 
science career? There’s no better place to 
explore these ideas, and to build new 
scientific relationships, than CTSciNet, 
the new online community from Science, 
Science Careers, and AAAS made possible 
by the Burroughs Wellcome Fund. 


There’s no charge for joining, and you'll 
enjoy access to: 


@ Practical and specific information on 
navigating a career in clinical or 
translational research 


Opportunities to connect with other 
scientists including peers, mentors, and 
mentees 


Access to the resources of the world’s 
leading multidisciplinary professional 
society and those of our partner 
organizations 


Connect with CTSciNet now at: 
Community.ScienceCareers.org/CTSciNet 


CTSciNet s2: 


Clinical and Translational Science Network 


Presented by 


BYAAAS From the jounat Science RYAAAS 


This Week in Science 


Continued from page 247 


Targeting Copper Clusters 


Tetrathiomolybdate (TM) is a copper-depleting agent that has potential in treating copper-dependent 
diseases. Alvarez et al. (p. 331, published online 26 November) used spectroscopic and structural 
studies to show that TM inhibits the yeast copper chaperone Atx1 by forming a TM-Cu-ATx1 complex 
that is stabilized by a sulfur-bridged copper-molybdenum cluster. Cluster formation prevents transfer 
of copper from the chaperone to target enzymes. The results provide a basis for developing drugs that 
target metallation pathways. 


To Stall or Not to Stall 


Recent studies in mammals and Drosophila have shown that RNA polymerase II frequently stalls shortly 
after initiating messenger RNA synthesis and that this stalling is important for proper expression of 
genes. Although several protein factors that affect polymerase stalling are known, the role of DNA 
sequence in this process has remained unclear. Now Nechaev et al. (p. 335, published online 10 
December) report that the initially transcribed sequences of many genes contain a signal that works like 
a stop sign for the elongating polymerase. Expression of genes may thus be regulated by a combination 
of a DNA signal that induces promoter-proximal stalling and protein factors that alter its duration. 


Alligator Breath 


Birds have a unidirectional system of airflow within their lungs that has been attributed to the peculi- 
arities of flight. However, Farmer and Sanders (p. 338) provide evidence that this unidirectional and 
more or less continuous flow of air also occurs through parts of the alligator lung; in contrast to the 
tidal, biphasic system in mammals. By analyzing lung and tracheal structures, the similarities of the 
alligator lungs were compared with those of birds. The data suggest that the unusual properties of 
bird lungs originated before the divergence of the alligator line from the dinosaur or avian line. 


The Art of Artemisia 


As the malaria parasite, which is transmitted through mosquito 
vectors, develops resistance, previously useful control mecha- 
nisms are beginning to fail. Combination therapies based on the 
plant product artemisinin are a promising alternative. Graham 
et al. (p. 328; see the Perspective by Milhous and Weina) have 
now developed a genetic map of the plant Artemisia annua from 
which artemisinin is derived. The results lay the foundation for 
improving agricultural productivity of this natural product, which 
is becoming increasingly important in the fight against malaria. 


Integrin G Protein 


Adhesion molecules, known as integrins, are found on the surface of cells. When integrins adhere to 
components of the extracellular matrix, they act as receptors and initiate signaling events within the 
cell. Gong et al. (p. 340) show that they do so in part by partnering with a signal-transducing protein 
called Go,,. Such a subunits of heterotrimeric guanine nucleotide-binding proteins are well known 
for transducing signals from the large class of G protein—coupled receptors, but were not known to 
work with integrins. Go.,, appears to interact directly with the integrin o,,,B, and to transmit signals 
that regulate cell spreading. 


Behavioral Profiling 


The complexity of the brain makes it difficult to predict how a drug will affect behavior without direct 
testing in live animals. Rihel et al. (p. 348) developed a high-throughput assay to assess the effects 
of thousands of drugs on sleep/wake behaviors of zebrafish larvae. The data set reveals a broad con- 
servation of zebrafish and mammalian sleep/wake pharmacology and identifies pathways that regu- 
late sleep. Moreover, the biological targets of poorly characterized small molecules can be predicted 
by matching their behavioral profiles to those of well-known drugs. Thus, behavioral profiling in 
zebrafish offers a cost-effective way to characterize neuroactive drugs and to predict biological targets 
of novel compounds. 
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New Approaches in Immunotherapy 


THE PAST DECADE OF RESEARCH ON THE IMMUNE SYSTEM HAS SEEN AN INCREDIBLE EXPANSION OF 
knowledge in the area of innate immunity. Analysis over the preceding years had focused 
largely on how T and B cells orchestrate immune responses to specific pathogens, and how 
their memory of these encounters confers long-lasting protection. In contrast to these spe- 
cific “adaptive” mechanisms, innate immunity is driven by a plethora of proteins produced 
by a wide range of cells throughout the body, and it provides immediate broad-spectrum 
responses to foreign invaders. This new understanding of innate immunity is providing 
insights into host reactions to noninfectious diseases such as cancer, to antigen-independent 
inflammatory conditions such as periodic fever syndromes, and to the inflammatory mod- 
ulation of basic cellular metabolic processes. As this special issue 
on innate immunity points out (p. 283), ongoing research to further 
characterize this complex response system has great potential for 
identifying new therapies to treat human disease. 

Three major families of molecules function in innate recognition and 
are a focus of the special issue: the Toll-like receptors, the RIG-I-like 
receptors, and the Nod-like receptors. Most is known about the first 
two types, which have important roles in recognizing viral and bacte- 
rial components. The Nod-like receptor family—the largest and most 
diverse of the three—has many unresolved features. Much of the focus 
has been on this family’s functional association with the inflammasome, 
a scaffold of proteins that triggers specific inflammation pathways and 
cell death. But there is growing evidence that this represents only one 
aspect of Nod-like receptor activity, and analyses of their actions in other 
inflammatory pathways will probably lead to important new insights. 

A feature of all three molecular families is that, despite wide upstream divergences, mul- 
tiple signals tend to converge on shared, downstream effector signaling pathways. To date, 
relatively little is known about how responses are nevertheless adjusted to appropriately 
match the diversity of upstream pathogen recognition events. Research on the regulation of 
pathways controlled by the RIG-I-like receptors has been promising in this respect. But an 
important goal, essential for the design of next-generation adjuvants, is to develop a thor- 
ough understanding of how all these innate immune signaling pathways are modulated to 
produce qualitatively different outputs in response to different types of threats. This knowl- 
edge is also likely to advance our understanding of immune dysregulation and hyperactiva- 
tion, such as that producing the “cytokine storm” implicated in the deaths of individuals 
infected with the HSN1 influenza virus. 

We now know that the first responders to pathogens are often the infected (or bystander) 
host epithelial and endothelial cells, rather than the arsenal of “professional” innate immune 
cells (macrophages and dendritic cells). These “nonimmune” host cells can potentially express 
members of all three innate recognition receptor families, and activation of the signaling path- 
ways that they control results in the secretion of chemokines that recruit and activate the anti- 
microbial programs of adaptive responders. In parallel, nonimmune host cells alter key compo- 
nents of their own biology and metabolism to subvert and contain intracellular pathogens. 

Detailing the relationship between innate immune recognition and host cell metabolism 
remains an important priority, as these physiological perturbations are likely to affect organ-level 
function. Thus, for example, although influenza infection may be cleared by the adaptive immune 
response or controlled by drugs, an individual may still succumb to severe lung damage, either as 
a direct consequence of viral insult or from the associated inflammatory response. Similarly, as we 
look more closely at the interplay between injured coronary tissue and the monocytes and macro- 
phages that contribute to arterial plaque formation in cardiovascular disease, it becomes clear 
that expanding the scope of innate immunity research to include the entire diversity of cells in an 
organism is a major priority for molecular medicine. — Paul G. Thomas and Peter C. Doherty 
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ASTRONOMY 
Too Close for Comfort 


More than 400 planets have been detected 
orbiting stars other than the Sun, often with 
properties radically different from those of 
the planets in our solar system. Many, 
termed ‘hot Jupiters,’ have a mass similar to 
or exceeding that of Jupiter but orbit much 
closer to their host stars. Researchers 
believe that these planets could not have 
formed so close to the stars, and so must 
have formed at larger distances and then 
migrated to their present positions. Some 
are dangerously close to their host stars and 
may ultimately spiral into them. Such is the 
case with WASP-19b, the planet with the 
shortest period yet detected. Its period is 
only 0.79 days and its mass and radius are 
1.15 and 1.31 those of Jupiter. The data col- 
lected by Hebb et al. using the WASP-South 
telescope suggest that WASP-19b has been 
spiraling into its host star throughout its 
lifetime and has spun up the star in the 
process. The processes that end the inward 
migration of planets are not well under- 
stood. WASP-19b may contribute to our 
understanding of the evolution of close-in 
planets and may provide information about 
the properties of its host star. — MJC 
Astrophys. J. 708, 224 (2010). 
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PHY¥SIES. 
Clocking Single Photons 


Quantum information processing requires a pro- 
tocol for transferring data between memories 
comprising atomic energy states. Light, in the 
form of single photons, is the natural candidate 
for such applications: Photons can couple to the 
atomic memories, move fast, and remain rela- 
tively robust against noise. Though generating 
single photons is not a big problem, generating 
them on demand is. Melholt Nielsen et al. 
demonstrate a technique based on a modifica- 
tion of spontaneous parametric down-conver- 
sion, wherein two entangled photons are gener- 
ated in a nonlinear optical crystal, and one of 
the photons is heralded by the detection of the 
other. Although such a process is usually sto- 
chastic, the authors show that by pumping an 
optical parametric oscillator under certain con- 
ditions, they can control the generation of single 
photons deterministically. The quality and prop- 
erties of the heralded single photons, as well as 
the inherent tunability of the process, should 
make it simpler to implement quantum infor- 
mation protocols. — ISO 

Opt. Lett. 34, 3872 (2009). 


GENETICS 
Individual Differences 


RNA splicing serves to stitch together the pro- 
tein-coding regions of genes while snipping out 
the intervening noncoding sequences. As a con- 
sequence, RNAs may differ if the splicing 
machinery chooses one set of regions over an 
alternative set, and the resulting protein iso- 
forms may vary in a genetically determined way. 
In a study of the amount of alternative splicing 
in humans, Coulombe-Huntington et al. have 
found that over 70% of genes show genetically 
controlled splice site usage that varied across 
individuals, and in some cases, they were able 
to identify the single-nucleotide polymorphism 
responsible. Understanding the underlying 
causes of variation in protein levels and iso- 
forms may help to explain the genetic determi- 
nation of phenotypic diversity. — LMZ 

PLoS Genet. 5, e1000766 (2009). 


IMMUNOLOGY 


Taking a Peek 


Our bodies are covered by epithelial layers 
inside and out, which keeps the outside out 
and the inside in. How then can the immune 


system, which sits inside the wall of epithelial 
cells, sense potentially pathogenic antigens 
without making holes in this protective barrier? 
Kubo et al. show that during inflammation, 
epidermal Langerhans cells acquire external 
antigens by extending cellular protrusions, 
known as dendrites, through the tight seals 
between keratinocytes in the skin. Receptors 
on the tips of the dendrites bind to external 
antigens, which are then internalized and 


Langerhans cell (red) punctures tight 
junction (green). 


brought inward to the cell body for further pro- 
cessing. In order to maintain the seal despite 
breaching the tight junctions, the Langerhans 
cells form secondary junctions with the sur- 
rounding keratinocytes. This ability to screen 
incoming antigens provides an important first 
defense against attack. — SMH 

J. Exp. Med. 206, 2937 (2009). 


MOLECULAR BIOLOGY 
Activation from Within 


The protein complexes that wrap DNA come in 
two flavors: core histones and variant histones. 
Although the H2A histone variant MacroH2A11 is 
known for its role in repressing transcription in 
the context of X chromosome inactivation, 
Gamble et al. describe an activating effect of 
this factor on autosomal gene expression. They 
have used chromatin immunioprecipitation and 
genomic tiling arrays (ChIP-chip) to map the 
distribution of MacroH2A1 in human primary 
fibroblasts and a breast cancer cell. MacroH2A1 
associates with large chromatin domains 
(greater than 500 kb) with boundaries near 
transcription start sites; when MacroH2A1 sits 
within a transcribed region, repression is often 
the result, but some genes, such as those 
involved in responding to serum starvation, are 
instead protected from silencing. — BAP 

Genes Dev. 24, 21 (2010). 
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Easy as Pi 


A French computer programmer has announced 
a new record for approximating n—this time on 
a desktop computer. Fabrice Bellard of Télécom 
Paris Tech took 103 days to compute 2.7 trillion 
digits and another 28 days to check the result. 
Bellard has thus toppled the previous record of 
2.577 trillion digits, set last August by Daisuke 
Takahashi at the University of Tsukuba in Japan. 
That feat only took 29 hours. But, Bellard points 
out in a press release, previous modern 7 
champs used multimillion-euro computers; his 
PC cost less than €2000. 


Reefs of the Future 


Giant barrel sponges, sometimes called “red- 
woods of the deep” because of their great size 
and age, are burgeoning on the reefs of the 
Florida Keys, scientists report. Sponges com- 
pete with corals, which have been dying from 
disease and environmental changes, says 
marine biologist Joseph Pawlik of the University 
of North Carolina, Wilmington, a co-author of a 
paper on sponge demographics appearing in 
next month’s issue 
of Ecology. Unlike 
corals, sponges 
produce no cal- 
cium carbonate 
and are not 
affected by ocean 
acidification, he 
says: “That means 
[Caribbean] coral 
reefs are actually 
going to be 
sponge reefs in 
the future.” 


Bruegel’s Statistical 
Signature 


Beauty may be in the eye of the beholder, but 
a painting's authenticity may be encoded in 
patterns a computer can detect. To show that, 
mathematician Daniel Rockmore and col- 
leagues at Dartmouth College applied a tech- 
nique from neuroscience called sparse coding 
to analyze digitized gray-scale images of 
16th century paintings by Pieter Bruegel the 
Elder and imitations of his work. 

They fed tiny square patches of the images 
through an algorithm to modify and “train” a 
different set of squares that started out ran- 
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ENGINEERS AND MUJAHIDEEN 


The fact that Christmas Day would-be bomber Umar Farouk Abdulmutallab (whose “operation” 
is celebrated in the above poster) has a degree in mechanical engineering has drawn fresh 
attention to a controversial study linking engineers with terrorism. 

In October 2007, sociologist Diego Gambetta of the University of Oxford and political sci- 
entist Steffen Hertog of Sciences Po in Paris caused a stir with “Engineers of Jihad,” a paper that 
analyzed the known membership of extremist organizations since World War II. They concluded 
that right-wing groups and violent Islamist groups had attracted almost four times as many 
engineers as would be expected by chance. (Leftist groups, by contrast, were almost engineer- 
free.) The terrorists weren't recruiting engineers for their technical skills, Gambetta and Hertog 
concluded. Instead, they speculated, engineers’ personal traits—such as preferences for clear- 
cut solutions to problems and tendencies toward political and religious conservatism—and 
poor employment prospects in much of the Middle East make them riper-than-average candi- 
dates for radicalization. The pair fleshed out their thesis in a paper in the August 2009 
European Journal of Sociology. 

Now the blogosphere is abuzz again, and Gambetta and Hertog say they are working on a 
book—amplified with new data that coalition forces have captured in Iraq. William Wulf, for- 
mer president of the U.S. National Academy of Engineering, doesn’t buy any of it. “The sample 
size is so small that ... | just don’t believe” their conclusion, he says. “This is really bad science.” 
Terrorism expert Thomas Hegghammer of the Institute for Advanced Study in Princeton, New 
Jersey, disagrees. He says the authors “convincingly demonstrate” the disproportionate pres- 
ence of engineers in jihad groups and commends them for breaking the “taboo” on studying 
“the role of innate cognitive features on political behavior.” 


domly shaded. The trained squares could then 
be superimposed on each other to reconstruct 
any patch from a painting. Crucially, the algo- 
rithm patterned the squares so that a few would 
suffice to reproduce a patch from a real Bruegel. 
If the team trained the patterns using any seven 
of eight real Bruegels, then, on average, the 
number needed to recreate a random patch 
from the eighth was smaller than the number 
needed to fit a patch from any of five fakes (with 
one exception). So the scheme distinguishes real 
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Bruegels from fakes, the team reported last 
week online in the Proceedings of the National 
Academy of Sciences. 

The technique would be “just one tool” to help 
determine a painting's authenticity, Rockmore 
cautions. James Coddington, chief conservator at 
the Museum of Modern Art in New York City, says 
its real utility may lie in comparing the works of 
one or several artists. “Ask the art historians—is it 
telling us something that we already knew, or is it 
giving us new food for thought?” 
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VIROLOGY 


The earliest 
galaxies 


An Indefatigable Debate Over 
Chronic Fatigue Syndrome 


Here we go again. The search for the cause of 
chronic fatigue syndrome, which just months 
ago seemed to be gaining traction, now seems 
likely to descend into the same confusion and 
acrimony that characterized it for years, as a 
supposed viral link to CFS published just last 
autumn might be unraveling. 

Many patients with CFS—long-term 
fatigue and other ailments that have no known 
biological cause—report that their symptoms 
began after an acute viral infection, and scien- 


cells, which attack both tumors and cells 
infected by viruses. 

Other scientists thought the link dubious, 
criticizing the team, led by Vincent Lombardi 
and Judy Mikovits at the Whittemore Peterson 
Institute for Neuro-Immune Disease in Reno, 
Nevada, for not explaining enough about the 
demographics of their patients or the pro- 
cedures to prevent contamination (Science, 
9 October 2009, p. 215). Several virologists 
around the world practically sprinted to their 


Null results. Ateam led by Myra McClure (left, with a student) found no evidence of a retrovirus, XMRV, in chronic 
fatigue syndrome patients, which contradicts the research of Vincent Lombardi and Judy Mikovits (right). 


tists have tried many times, but never success- 
fully, to pin CFS to viruses such as Epstein- 
Barr. Patients have faced skepticism for years 
over whether CFS is a “real’’ disease; a viral 
trigger could vindicate them and explain their 
nebulous symptoms. 

That’s why a paper published online 8 Octo- 
ber 2009 in Science (http://www.sciencemag. 
org/cgi/content/abstract/1179052) caused 
such a stir. A U.S. team reported finding DNA 
traces of a virus, XMRY, in the blood cells of 
two-thirds of 101 patients with CFS, com- 
pared with 4% of 218 healthy controls. 
Strangely, XMRY, a rodent retrovirus, had pre- 
viously been implicated in an aggressive 
prostate cancer. No one knows how XMRV 
might contribute to either or both diseases, but 
the authors argued that the link made some 
sense: XMRV ravishes natural killer blood 


labs to redo the experiments, and the discov- 
ery that a clinic associated with some people 
at Whittemore was selling, among other CFS 
services, a $650 diagnostic test for XMRV 
made the issue more pressing. A U.K. team 
already exploring the XMRV-prostate cancer 
link won the race, submitting a paper to PLoS 
ONE challenging the claim on 1 December 
2009. It was accepted for publication after 
3 days of review. 

The British team, led by retrovirologist 
Myra McClure of Imperial College London, 
examined DNA from the blood of 186 CFS 
patients ranging in age from 19 to 70, with an 
average age of 40. Most were markedly 
unwell. McClure’s team used a PCR 
machine—which copies and amplifies scraps 
of DNA—to search for two viral sequences, 
one from XMRV and the other from a closely 


The amazing 


parasitic wasp 
menagerie 


related virus. They discovered nothing. At a 
press conference discussing the results, pub- 
lished online 6 January in PLoS ONE, 
McClure was blunt and confident: “If there 
was one copy of the virus in those samples, we 
would have detected it.” 

This null result prompts the question of 
what—if anything—was wrong with the orig- 
inal paper. The PLoS ONE authors seem to 
suggest that contamination was at fault, stating 
that they were careful to work in labs that had 
never handled XMRV and use PCR machines 
that analyze no mouse tissues. But McClure 
says her group merely wanted to make that 
explicit, not accuse anyone. 

The U.S. team followed the same proce- 
dures, retorts Lombardi, a biochemist. He also 
expressed bewilderment that the McClure 
group didn’t search its CFS samples for the 
same DNA sequence as his team had, raising 
the possibility that they had different results 
because they searched for different things. The 
McClure team, however, looked for not only 
an XMRV sequence but also a sequence in 
a closely related virus, MLV. That MLV 
sequence, highly conserved among viruses of 
its class, would presumably have been found if 
XMRV was present, they said. 

One distinct possibility, says John Coffin, a 
microbiologist at Tufts University in Boston 
who studies retroviruses and wrote a separate 
analysis for Science when the original paper 
was published (http://www.sciencemag.org/ 
cgi/content/short/1 181349), is that both papers 
are right. He called the PLoS ONE paper too 
“preliminary” to settle the debate and said 
XMRV could show more genetic variety, and 
thus be harder to detect, than anyone assumed. 
It’s also possible that distinct strains of XMRV 
appear in different parts of the world, as do the 
retroviruses HIV and HTLV (a leukemia virus). 
Intriguingly, although research teams in the 
United States have linked XMRV to prostate 
cancer, multiple teams in Germany and Ireland 
have failed to find a connection. 

Coffin says one more possibility, raised by 
many scientists, is that CFS is actually a suite of 
diseases that present the same symptoms and 
so might have many causes. Lombardi agrees. 
“Tt’s naive to think that everyone with chronic 
fatigue has the same etiology. There’s probably 
going to be a subset of people with CFS that 
have XMRYV, and it will probably end up being 
classified as XMRV-related CFS.” 

All of this leaves doctors and patients in a 
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muddle. There’s no doubt they’re hungry for 
information. Out of curiosity, Lombardi did a 
Google search on “XMRV” the day before the 
Science paper hit and found about 22,500 hits. 
Three months later, there are 400,000. 

But some scientists, including Coffin and 
McClure, fear that the Viral Immune Pathol- 
ogy Diagnostics clinic (VIP Dx) took advan- 
tage of that hunger by offering the $650 diag- 
nostic test for XMRV, 300 of which have been 
administered so far and which already has a 
4 to 6 week backlog. “Leaving aside the issue 
of who’s right and who’s wrong,” says Coffin, 
“the original paper did not establish the virus 
[caused CFS] and didn’t establish it as a viable 
marker.” So it’s not clear what a patient or 
physician could do with a positive result. 


ARCHAEOLOGY 


Alaskan gold mine 
sparks a dispute 


Steve Kaye, a colleague of McClure’s at Impe- 
rial College London and a co-author of the 
PLoS ONE paper, noted with some alarm that 
the authors of the Science paper had specu- 
lated about treating XMRV with antiretroviral 
drugs, which can have harsh side effects. 
However, VIP Dx developed its XMRV test 
only after a different company began offering 
one; VIP Dx officials saw their test as a more 
expert alternative. What’s more, Lombardi— 
an unpaid consultant for VIP Dx who helped 
set up and manage the testing program— 
argues that the test is useful. Patients could in 
theory avoid infecting other people with 
XMRYV and can have their diagnoses validated, 
if nothing else. His test results also bolster the 
science in the original paper; he says 36% of 


Q's but few A’s in 
Q-fever outbreak 


tests have detected XMRYV, including a few 
from the United Kingdom. (Test proceeds roll 
back into research and development at Whitte- 
more, which licenses the test to VIP Dx. VIP 
Dx has also received financial support from 
the Whittemore family in the past.) 

To resolve the dispute, both sides say they 
are willing to work with the other and possibly 
test each other’s samples. In the meantime, 
more papers exploring the link are slated to 
appear in the next few months, and each side 
says it knows of work supporting its results. 
All that suggests that the field will continue to 
churn. As McClure told Science, “we take no 
pleasure in finding colleagues wrong or dash- 
ing the hopes of patients, but it’s imperative 
the truth gets out.” -SAM KEAN 


Neandertal Jewelry Shows Their Symbolic Smarts 


Neandertals had big brains and were skilled 
hunters, but their sites reveal few objets 
d’art. So some researchers have suggested 
that Neandertals weren’t cognitively up to 
the job of producing art and symbols, 
although a growing number disagree. Now a 
handful of marine mollusk shells, possibly 
used as necklaces and paint cups, shows that 
Neandertals did express themselves symbol- 
ically, say the authors of a paper published 
online this week in the Proceedings of the 
National Academy of Sciences. They argue 
that the findings suggest that social and 
demographic factors, rather than cognitive 
differences, best explain why so-called mod- 
ern behavior was relatively rare among 
Neandertals. The paper suggests that “Nean- 
dertals too had such [symbolic] capacities,” 
says archaeologist John Speth of the Univer- 
sity of Michigan, Ann Arbor. 

The shells were found in the Aviones cave 
and the Anton rock shelter in southeast Spain, 
both identified as Neandertal sites from their 
ages and stone tools. Radiocarbon dating of 
shells at Aviones puts the Neandertal occupa- 
tion there at between 45,000 and 50,000 years 
ago—before modern humans entered the 
area—and charcoal at Anton came out at 
between 37,000 and 43,000 years old. 


Signs of symbolism. Neandertal perforated shells, 
some painted (right), suggest artistic expression. 
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An international team led by archaeologist 
Joao Zilhao of the University of Bristol in the 
United Kingdom examined three cock- 
leshells from Aviones that were perforated 
near their hinges and were found alongside 
lumps of yellow and red pigments. 

A fourth, unperforated, thorny oys- 

ter shell contained residues of 
red and black pigments 

and was perhaps used as } 
a paint container, the “ag 7 re. 
team says. At Anton,a 7 rift 
perforated scallop shell “4 | 
was painted on its exter- 
nal side with a blend of 
orange pigments, per- 


4 
ft 


haps to make the shell’s outside resemble its 

naturally red inside surface. Zilhao’s team 

concludes that although the perforations were 

not humanmade, Neandertals selected shells 

with holes of 4.5 to 6.5 millimeters, ideal for 
stringing as ornaments. 


% “The authors make a good 
3 ~ case” that the shells and pig- 
+ ments were used in “an 
aa aesthetic and presum- 
Le 4 ably symbolic” way, says 


Se) archaeologist Erella 
Hovers of The Hebrew 
University of Jerusalem. 
» | C, Hovers cites similar 
finds from Israel’s 
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Qafzeh Cave, which was occupied by modern 
humans as early as 92,000 years ago and 
where perforated cockleshells and red ochre 
pigments have been widely accepted as evi- 
dence of modern human behavior. 

Although signs of Neandertal symbolism 
are rare, ornaments become more common at 
Neandertal sites when modern humans arrive 
in Europe about 40,000 years ago, leading 
some to argue that the Neandertals copied 
modern human symbolic behavior rather than 
inventing it themselves. 


ACADEMIC FACILITIES 


But as the older perforated shells suggest, 
that does not mean Neandertals were not 
capable of creating symbols, Speth says. 
“The assumption [has been] that when you 
first see symbolic media such as ornaments, 
that’s the first time humans had the mental 
wherewithal to make them. By that logic, 
humans lacked the cognitive capacities nec- 
essary to invent the atomic bomb until World 
War II. That is obviously nonsense.” 

So why are ornaments plentiful at mod- 
ern human sites and rare at Neandertal 


ones? Social and demographic factors, 
Zilhao and others say. In this view the 
Neandertals, with relatively low population 
densities, may have lacked the widespread 
social networks that required symbolic 
communication within and among popula- 
tion groups. Early humans engaged in sym- 
bolic behavior only “when it was advanta- 
geous,” says Hovers, and when “popula- 
tions were stable enough over time to keep 
these canons and traditions alive.” 
—MICHAEL BALTER 


NIST Grants Help Schools Build for Tomorrow's Research 


Habib Dagher, a structural engineer at 
the University of Maine, Orono, wants 
to replace the heating oil that warms 
most Maine homes with a cheaper, 
renewable fuel—electricity generated 
by wind turbines 30 km offshore in the 
Gulf of Maine. To withstand the pun- 
ishing ocean conditions, the 100-meter 
turbines would be made from a poly- 
mer composite, stiffened by cellulose 
fibers, created by researchers at the 
university’s Advanced Structures and 
Composites Center he directs. But 
researchers need more lab space to 
design, prototype, and test the unique 
building material. 

Fortunately for the center, Dagher 
not only thinks green but also knows 
where to find the green. Last week, 
the center learned it was one of 12 winners in 
the second and final round of a $180 million 
competitive construction grants program at 
the National Institute of Standards and Tech- 
nology (NIST). The $12.4 million NIST 
grant, combined with $5 million from the 
state of Maine, will allow Dagher to build the 
Advanced Nanocomposites in Renewable 
Energy Laboratory at the center. The center 
has received a $5 million earmark inserted 
into the Department of Energy’s 2010 budget 
by the state’s congressional delegation, 
and it’s part of a consortium that won a 
$7 million grant in October from DOE to 
test the offshore wind turbines. In addition, 
Dagher hopes that Maine voters will 
approve a $6 million bond issue this sum- 
mer to equip the new lab. 

The NIST program is a small component of 
the $787 billion stimulus package designed to 
revive the U.S. economy (Science, 27 Novem- 
ber 2009, p. 1176). Aimed at funding “shovel- 
ready” projects such as the nanocomposites 
lab, the grants address a gap in the federal gov- 


In the wind. Researchers at Maine's Advanced Structures and Compos- 
ites Center are getting a new lab to test offshore wind-turbine blades. 


ernment’s academic research portfolio, which 
traditionally has favored supporting scientists 
over bricks and mortar. “This is the hardest 
type of money to get,” says Dagher. “And with- 
out the NIST grant, the whole project would 
have been slowed down considerably.” 

The NIST competition attracted 167 pro- 
posals from universities clamoring for help in 
funding new construction during tough eco- 
nomic times. (A smaller competition in 2008 
chose three winners from 93 proposals, and in 
July, NIST gave $55 million in stimulus 
money to four institutions that had just missed 
the cut.) The new facilities are intended to 
enhance the mission of either NIST or the 
National Oceanic and Atmospheric Adminis- 
tration (NOAA), its sister agency within the 
Commerce Department. The federal dollars 
leverage money already on the table: The 
$123 million allocated last week will make 
possible more than $250 million in new labo- 
ratory construction. 

The University of Pittsburgh in Pennsylva- 
nia, for example, had already committed 


$12.7 million toward 13 new physics 
laboratories, part ofa 12-year strategic 
plan, and the $15 million NIST grant 
gives it a green light to proceed. 
“Without this grant, I don’t know how 
many years it would have taken us” to 
complete the project, says N. John 
Cooper, dean of arts and sciences. 
Despite an overall 5% spending cut 
this year that has slowed hiring, 
Cooper says the NIST grant “positions 
us to be more competitive when the 
upturn comes.” 

For the Woods Hole Oceanographic 
Institution (WHOI) in Massachusetts, 
an $8.1 million award for a laboratory 
for ocean sensors and observing sys- 
tems will help it do a better job as a 
major contractor for a project sup- 
ported by the National Science Foundation 
(NSF). The Ocean Observatories Initiative 
(OOI) will deploy networks of sensors to col- 
lect long-term data from the sea floor (Science, 
16 November 2007, p. 1056), and Laurence 
Madin, WHOI’s executive vice president and 
director of research, explains that “once we got 
the NSF award, we realized that we needed a 
special facility to do everything that OO! 
would require.” Although WHOT has received 
NOAA funding for many years, says Madin, 
“this is actually our first NIST award.” 

Some of the NIST construction funding will 
help improve construction practices them- 
selves. An $11.8 million NIST grant to build 
the Center for High-Performance Buildings 
will allow Purdue University scientists to 
reconfigure office space to maximize comfort, 
safety, and energy efficiency, says James 
Braun, a professor of mechanical engineering. 
The new lab space, he adds, may even boost the 
team’s application, now pending at NSE for an 
Engineering Research Center on the topic. 
—JEFFREY MERVIS 


15 JANUARY 2010 VOL327 SCIENCE www.sciencemag.org 


CREDIT: UNIVERSITY OF MAINE 


Zz 
wu 


CREDITS (TOP TO BOTTOM): D. VIGEARS/C2RMF; ADAPTED FROM E. BOUWMAN, UNIVERSITY OF LEID! 


CHEMISTRY 


Catalyst Offers New Hope for 
Capturing CO, on the Cheap 


If international agreements can’t slash car- 
bon dioxide emissions fast enough to tame 
global warming, how about sucking it out of 
the air? Technology using chemicals that 
bind CO, already exists, but it’s so expensive 
that using it on a large scale could increase 
energy demand—and the cost of energy—by 
at least one-third. 

On page 313, however, researchers in the 
Netherlands report a new copper-based cata- 
lyst that can capture CO,, convert it to a dif- 
ferent form, and then release it with a small 
fraction of the energy other techniques 
require. “This is an important fundamental 
advance,” says William Tolman, an inorganic 
chemist at the University of Minnesota, Twin 
Cities. “But there’s a long way to go before 
you could turn it into a catalytic process” for 
reducing atmospheric CO,, he adds. 

The new method targets the step that so far 
has proved to be the Achilles’ heel of air cap- 
ture: prying the trapped CO, loose so the cap- 
ture compound can be used again. Various 
processes do that through heat, electricity, or 
changes in air pressure, all of which require a 
lot of energy. 

Researchers led by Elisabeth Bouwman, 
a chemist at Leiden University in the 
Netherlands, hit on a possible way to lower 
the penalty while working on a very differ- 
ent problem: designing small metal-con- 
taining organic compounds to mimic the 
behavior of an enzyme called superoxide 
dismutase. In living organisms, the enzyme 
neutralizes superoxide, a reactive form of 
oxygen that is generated inside cells and that 
can damage DNA. 

One copper-containing candidate com- 
pound surprised them. Instead of oxygen, it 
bound carbon dioxide by stitching two CO, 
molecules together into a compound known 
as oxalate. X-ray crystallography showed that 
two pairs of the carbon complexes join 
together in a single unit to knit four CO, mol- 
ecules into two oxalates (see figure). Kenneth 
Karlin, an inorganic chemist at Johns Hop- 
kins University in Baltimore, Maryland, who 
has worked on related compounds, says the 
new catalyst’s ability to selectively bind CO, 
and cause it to react is impressive. “This is 
amazing,” he says. 

Bouwman’s group also worked out a way 
to regenerate the starting copper complex so 
that it could be used again. They simply 
added a lithium salt to their solution. The 
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lithium swipes the oxalate from the copper 
complex, creating lithium oxalate. Then 
applying a very small voltage of —0.03 volts 
to the copper complex restores it to its origi- 
nal form. Adding an electron directly to 
CO,—the first step in converting CO, into 
more complex, and useful, molecules— 
would require —2 volts, Bouwman says. 
Bouwman acknowledges that the new 
CO, catalyst isn’t yet ready to become a bona 
fide air-capture technology. It works too 
slowly, and the lithium salt is too expensive. 
Bouwman says transferring the oxalate to a 
cheaper chemical shouldn’t be difficult, and 
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Gotcha. Probing the inner workings of an enzyme, 
chemists discovered a catalyst that binds to pairs of 
CO, molecules (top), knitting them together to form 
oxalate (middle), which is later released (above). 


her group is already working to improve the 
catalyst’s reaction rate. 

Ultimately, ifa CO, air-capture technology 
is to be realistic on a large scale, the cost and 
energy requirements must come down, says 
Andrew Dessler, a climate scientist at Texas 
A&M University in College Station. “Air cap- 
ture could be viable, but not unless research 
like this gets the energy requirement way 
down from where we are now,” Dessler says. 
“So this kind of research is very exciting.” 

—ROBERT F. SERVICE 
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Egyptian Eyeliner May Have 
Warded Off Disease 

Clearly, ancient Egyptians didn’t get the 
memo about lead poisoning. Their eye 
makeup was full of the stuff. Although 
today we know that lead can cause brain 
damage and miscarriages, the Egyptians 
believed that lead-based cosmetics 
protected against eye diseases. Now, new 
research suggests that they may have been 
on to something. http://bit.ly/egypteyes 


Why Light Makes Migraines Worse 
Migraine sufferers often retreat to a dark 
room or pull the shades down. Any light 
just makes the searing pain worse. Now, 
scientists think they know why—thanks to 
some help from blind volunteers. http:// 
bit.lylightmigraines 


Bering Strait’s Ups and Downs 
Alter Climate 

The Bering Strait, the 80-kilometer-wide 
stretch of ocean between Russia and Alaska, 
can strongly influence the climate of the 
entire Northern Hemisphere, researchers 
have calculated. The findings answer a 
question that has dogged scientists for the 
past decade, and they demonstrate how 
seemingly slight changes in certain factors 
can impact global climate. http://bit.ly/ 
bearingstrait 


The Spiky Penis Gets the Girl 
When it came to insect penises, Charles 
Darwin had it right. The famed naturalist 
suspected that insect genitalia, which are 
frequently festooned with bizarre com- 
binations of hooks, spines, and knobs, 
essentially functioned like peacock tails. 
That is, they helped males beat out their 
rivals for females. Now, researchers have 
confirmed this hypothesis by zapping fly 
penises with a laser. http://bit.ly/penislaser 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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ASTRONOMY 


Oldest Galaxies Show Stars Came Together in a Hurry 


Sifting through images taken by the 
newly refurbished Hubble Space 
Telescope, astronomers have spot- 
ted five galaxies that date back to a 
mere 600 million years after the big 
bang—the earliest galaxies found 
so far by 200 million years. The dis- 
coveries take researchers close to 
the primordial stage of cosmic evo- 
lution, when the first galaxies were 
taking shape. 

Astronomers have already 
learned a few things about the newly 
discovered galaxies. For one, they 
are tiny compared with contempo- 
rary galaxies—barely 5% the size of 
the Milky Way and less than 1% its 
mass. “These are the seeds of the 
great galaxies of today,” says Garth 
Illingworth of the University of Cal- 
ifornia, Santa Cruz, who presented 
the findings at the American Astro- 
nomical Society meeting in Washington, D.C., 
last week.” Illingworth led the survey team that 
took the new images using Wide Field Camera 
3, one of two new instruments mounted on 
Hubble in a servicing mission last year. 

Another striking fact about the galaxies is 
that they are populated by stars that had 
already been burning for 300 million years. 


*215th AAS Meeting, Washington, D.C., 3-7 January. 


ASTRONOMY 


Looking back. Hubble’s new camera has found several galaxies from 7 
600 million to 800 million years after the big bang. 


That pushes back the birth of the earliest stars 
of the universe to within a few hundred mil- 
lion years of the big bang—a blink of an eye 
in astronomical time. 

Volker Bromm, an astrophysicist at the 
University of Texas, Austin, says the new 
galaxies “clearly demonstrate the hierarchical 
nature of structure formation—small objects 
formed first—and provide interesting con- 
straints for early star formation.” 


Theorists think the very first 
stars, known as Population III 
stars, were massive stellar objects 
made only of hydrogen and 
helium and didn’t live for very 
long. The first normal low-mass 
stars—called Population II and I 
stars—could form only after Pop- 
ulation III stars had exploded as 
supernova and enriched the uni- 
verse with heavier elements 
forged in the process. 

The imaging of the new 
galaxies, with the discovery 
of Population I and IT 

stars within them, 

implies that “the 
transition in cos- 
mic star formation 

mode, from Pop III 
to Pop I and II, took 

place quickly, in dark- 
matter systems that were even smaller” than 
the refurbished Hubble can see, Bromm says. 
He adds that the “true moment of first light 
remains elusive, and its discovery has to await 
the James Webb Space Telescope”—planned 
for launch in 2014. 

In addition to Illingworth’s team, four 
research groups have reported similar 
findings from their analyses of the new 
Hubble data. -YUDHIJIT BHATTACHARJEE 


Inventory Asks: Where Is All the Non-Dark Matter Hiding? 


Astrophysicists know that 83% of the matter 
in the universe is dark matter—invisible stuff 
as yet undetected. The other 17% is 
detectable “baryonic matter,” the atoms and 
ions that make up stars, planets, dust, and 
gas. To astronomers’ surprise, the ratio of 
baryonic matter to dark matter seems to vary 
from galaxy to galaxy like the ratio of choco- 
late chips to dough in different batches of 
home-baked cookies. Now, a team led by 
Stacy McGaugh at the University of Mary- 
land, College Park, has determined that the 
proportion varies by scale: The largest galax- 
ies have the highest percentage of baryonic 
matter, although not quite 17%; whereas the 
smallest galaxies have less than 1%. 
McGaugh and colleagues compiled the 
ratios for more than 100 galaxies ranging 
from supermassive ones to dwarfs. Researchers 
infer the amount of dark matter in a galaxy 


from the motion of its stars. They estimate its 
baryonic mass from the amount of light the 
galaxy emits, which can be converted to the 
total mass of its stars, and a measure of atomic 
hydrogen in the galaxy, which provides an 
estimate of the interstellar gas. 

“What we find is that there is a very sys- 
tematic variation in the ratio with scale,” says 
McGaugh, who presented the findings at the 
American Astronomical Society meeting in 
Washington, D.C., last week.* “When you go 
to the very large galaxies, the baryonic mat- 
ter can be as much as 14%. As you go down 
in size, you see that galaxies fall short of the 
cosmic fraction [17:83] by an ever-increasing 
amount.” In galaxies the size of the Milky 
Way, “all the stars and gas add up to only a 
third of the baryonic matter you would 


*215th AAS Meeting, Washington, D.C., 3—7 January. 


expect,’ which is about 5%. And in the small- 
est dwarfs, baryonic matter is a hundredth of 
what’s expected—as minuscule as 0.2%. 
“These are very interesting results” that 
quantify the “missing baryonic matter prob- 
lem,” says Joel Bregman, an astronomer at 
the University of Michigan, Ann Arbor. 
Where is all the missing baryonic matter 
lurking? One hypothesis is that its particles are 
interspersed within the galaxy’s dark matter 
halo in the form of undetectable hot gas. 
Another is that supernova explosions have 
blown it into intergalactic space. This second 
idea would square with McGaugh’s findings: 
Large galaxies, with stronger gravitational 
pulls, would be able to retain more of their 
baryonic matter, whereas smaller galaxies 
would let more escape. But so far, McGaugh 
says, that explanation is just one of several lines 
of speculation. —-YUDHIJIT BHATTACHARJEE 
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PUBLISHING 


White House Mulls Plan to Broaden 
Access to Published Papers 


Should all papers that result from U.S. tax- 
payer—funded research be made freely 
available? The White House science office 
likes the idea and has asked for input on 
whether many federal agencies should for- 
mally adopt it. So-called open access advo- 
cates are enthusiastic in comments submit- 
ted to a White House forum, but some sci- 
entific societies remain wary, fearing that a 
too-broad public-access policy could kill 
journal subscriptions. 

Both sides agree that the White House 
appears to be moving toward a plan. “They’re 
focusing not on should we do this but how 
would we do this,” says Heather Joseph, 
executive director of the Scholarly Publish- 
ing and Academic Resources Coalition, a 
librarian group and open-access proponent. 

The push for mandatory release of 
research papers started 2 years ago at the 
National Institutes of Health, which required 


sus on the general issue,” she told Science by 
e-mail, as well as on other questions, such as 
“embargo times”: how long an author and 
journal can keep a paper under private con- 
trol. Many suggested using the current NIH 
embargo—12 months—and preferred cen- 
tral repositories like PubMedCentral rather 
than university archives. 

But even a 12-month delay worries some 
nonprofit scientific publishers. For exam- 
ple, mineralogists and anthropologists 
argued that their papers—unlike those in 
biomedical research—may have a very long 
“half life” and that releasing the full text on 
the Internet could cause journals to lose sub- 
scribers. Katherine McCarter of the Ecolog- 
ical Society of America, which has not yet 
submitted comments, says that for ecology 
journals, “even a 1-year delay could be a real 
disincentive to buy a subscription.” 

The cost of producing a single paper can 


Mandatory release of social science papers “could well result in 
the demise of the very journals that ... advocates seek to make 


more freely available.” 


—WILLIAM E. DAVIS III, 


THE AMERICAN ANTHROPOLOGICAL ASSOCIATION 


that grantees send copies of their peer- 
reviewed, accepted papers to the agency. 
NIH posts the final manuscripts or pub- 
lished papers in its free PubMedCentral 
archive; release can be delayed on request up 
to 12 months after publication. The objective 
has been to give patients and the public 
broader access to research results. Despite 
grumbling from publishers, NIH says the 
policy is working smoothly. 

Last month, as part of President Barack 
Obama’s “open government” activities, the 
Office of Science and Technology Policy 
(OSTP) launched an online discussion about 
whether the NIH model should be expanded 
to other agencies. The OSTP forum asks 
nine questions, including how to ensure that 
authors comply. 

About 400 comments have been submit- 
ted so far from scores of individual scien- 
tists, librarians, publishers, and others. The 
majority support broadening public access, 
says OSTP Assistant Director of Life Sci- 
ences Diane DiEuliis, a neuroscientist on 
detail from NIH. “There was a fair consen- 
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run significantly higher in social sciences 
because papers need more space and require 
a “more robust peer-review process,” argues 
William E. Davis III, executive director of 
the American Anthropological Association. 
His letter warns that mandatory release of 
such papers “could well result in the demise 
of the very journals that ... advocates seek to 
make more freely available.” 

Despite such concerns, OSTP seems to 
be moving inexorably toward a general 
open-access policy. DiEultis says OSTP will 
sort through all comments (the deadline has 
been extended until 21 January) and send 
suggestions to an interagency working 
group. This panel will also consider a report 
due this week from a group of publishers 
and other stakeholders that OSTP and the 
House Science Committee convened last 
June. One possibility, DiEuliis says, is that 
OSTP could draft an executive order or 
memo that would set out “minimum stan- 
dards” but “give agencies flexibility to cre- 
ate custom plans.” 

—-JOCELYN KAISER 


15 JANUARY 2010 


NEWS OF THE WEEK 


Sciencelnsider 


From the Science 
Policy Blog 


The director of the Royal Institution of 
Great Britain, the London-based science 
institution, has been dismissed and her 
position eliminated in what appears to be 
a cost-saving move. But neuroscientist 
Susan Greenfield, who has held the job for 
more than 10 years, says she is consider- 
ing a legal challenge, possibly including 
discrimination charges, to her dismissal. 
http://bit.ly/4Hk4wS 


The White House has released a much- 
awaited report on strengthening U.S. 
biosecurity rules. Instead of applying the 
same security standards to all so-called 
select agents, the report recommends a 
stratified system that would toughen 
security for the most hazardous agents and 
ease rules for less dangerous ones. That's 
the approach, favored by many scientists, 
that lawmakers envisioned in a bill intro- 
duced in the U.S. Senate last fall. http:// 
bit.ly/4JYIM7 


The U.K. House of Lords Science and Tech- 
nology Committee says there’s no evidence 
that foods containing nanometer-scale 
particles—dubbed nanofoods—constitute 
a danger to consumers. In the new report, 
the committee said that nanofoods 
nonetheless deserve scrutiny, citing “huge 
gaps” in current knowledge. In addition, 
“we urge the European Commission to 
clarify the definition of a nanoparticle in 
the context of food,” said committee chair 
John Krebs. http://bit.ly/7SQeQ7 


Senior Democratic lawmaker Byron Dorgan 
(D-SD) has decided not to seek reelection 
this year. Insider analyzed his record as 
“Cardinal” of the Senate subcommittee 
that controls Department of Energy fund- 
ing. Some lobbyists have claimed that 
Dorgan has emphasized nuclear waste 
cleanup or water projects at the expense of 
basic physical science research, but under 
his 3-year tenure, research and 
development spending at DOE has risen. 
The subcommittee’s staff clerk, who wields 
considerable influence, is appointed by the 
Appropriations Committee chair and is 
likely to be staying on. http://bit.ly/510Wn4 


For the full postings and more, go to 


scienceinsider. 


259 


NE VV SFO | 


The tittle! 
That Coulll 


The sequencing of the genome 6f a parasitoid 
bring wider recognition to these tiny, underappre 
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THE BRITISH GENETICIST J. B. S. HALDANE 
once famously quipped that God seems to 
have had an inordinate fondness for beetles, 
given their numbers and diversity. If so, then 
he must have been besotted by parasitoid 
wasps. Tinkerbells of the animal kingdom, 
many of these insects are no bigger than fleas, 
yet they may well outnumber beetles. 

Unlike beetles, however, parasitoid wasps 
aren’t exactly charismatic. “You get one in 
your eye and pull it out with your finger and 
think it’s a piece of dust,” says Daniel Janzen, 
an ecologist at the University of Pennsylvania. 
“There’s millions of individuals out there, and 
you don’t even know they exist.” Yet these 
inconspicuous insects play a crucial role in 
natural ecosystems and in agriculture. They 
destroy the eggs, larvae, or cocoons of count- 
less species of insects and arthropods, some- 
times with hugely beneficial effects: The U.S. 


Department of Agriculture (USDA) estimates 
that parasitic wasps save the United States at 
least $20 billion annually by controlling inva- 
sive species. “I think very few people realize 
what a force they are in the biology of our 
planet,” says Michael Strand, an 
entomologist at the University of 
Georgia, Athens. 

Scientists, on the other hand, 
have long appreciated their attrib- - 
utes. The wasps’ unusual genetic S 
makeup has made one a lab 
favorite—“yeast with wings,” 
says John Werren, an evolutionary geneticist 
at the University of Rochester in New York 
state. Entomologists are fascinated by the 
wasps’ sometimes bizarre life histories, and 
ecologists have recently come to recognize 
their astonishing diversity. Now, their scien- 
tific value is about to increase: On page 343 


Online 


sciencemag.org 
Podcast interview 
with author 
Elizabeth Pennisi. 


Lab rat. Nasonia vitripennis lays eggs in a fly pupa 
through an ovipositor emerging from her 
abdomen. Sequences of N. vitripennis and two 
related species are being published this week. 


of this issue, a 157-person consortium presents 
the genome sequence of three parasitoid 
wasps, members of the genus Nasonia, 
which attack flies. The genome “not only 
solidifies Nasonia’s standing as the lead 
model organism for the vast insect order 
Hymenoptera but [also] brings it on par with 
traditional heavyweights such as C. elegans 
and Drosophila,” says William Sullivan of the 
University of California (UC), Santa Cruz. 


Beetles, stand aside! 

Janzen first started noticing parasitoid wasps 
when they played havoc with his studies of 
Lepidoptera in Costa Rica. Since the early 
1980s, he has been collecting caterpillars 
and raising them to adulthood to see which 
butterfly or moth they belonged to. All too 
often the caterpillar would turn to mush, and 
out of it would emerge parasitoid wasp larvae. 
But, fanatic collector that he was, Janzen 
saved these tiny insects and documented their 
food source. Each year, he would take them to 
a wasp expert for identification. Two decades 
later, his inventory totals about 20,000 wasps, 
and his awareness of how common they are 
has grown exponentially. 

They don’t just prey on moth and butterfly 
caterpillars. Adult females lay eggs in or on 
the eggs, larvae, or pupae of many insects and 
arthropods, on which the wasp larvae feed. 
Some can lay 200 eggs in one caterpillar; oth- 
ers inject a single egg that divides many times 
to give rise to separate, cloned larvae. Some- 
times, the larval wasps can sit quietly in the 
caterpillar, evading the immune system, until 
their host has fattened up, then they eat it from 
the inside out in a matter of days. 

Several species treat their insect host as a 
nest and set up a social hierarchy to defend it. 
All nestmates are clones, but only some 
developing embryos inherit 
germ cells. The sterile clones 
become soldiers and help pro- 
tect larvae destined to become 
reproductive adults from other 
parasites, says Strand. 

Parasitoid wasps have 
intimate connections with 
micro 
bial partners as well. Many wasps are 
infected with the bacterium Wolbachia, 
which can skew the sex ratio of offspring. 
Others carry a “male-killing” microbe that 
eliminates males in a developing brood. 
Some have even co-evolved with a virus 
that a female injects into a caterpillar along 
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with an egg; the virus 
disarms the caterpil- 
lar’s immune system. 
These viruses are now 
part of the wasps’ 
DNA. “The diversity 
of life histories of 
[these insects] is hair- 
raising,” says Strand. 

These tiny wasps may have diverse 
lifestyles, but many tend to look alike. Even 
experts have trouble identifying which 
species individuals belong to. So when DNA 
bar-coding was just getting started and its 
proponents were looking for groups of ani- 
mals on which to try this short-hand species- 
identification tool, Janzen volunteered his 
collections. There turned out to be “a lot 
more species out there than we realized,” 
says Janzen. 

A 2008 DNA bar-coding analysis of 2597 
parasitoid wasps from his collection turned up 
313 species, not the 171 researchers had previ- 
ously thought. M. Alex Smith of the University 
of Guelph in Canada and Josephine Rodriguez 
of UC Santa Barbara discovered that what was 
believed to be a single species—a 2-millimeter- 
long wasp called Apanteles leucostigmus with 
a black body and a white rhomboid patch on 
its wing—proved to be 36. And there were 
many more examples of previously unrecog- 
nized species, Janzen, Rodriguez, Smith, and 
their colleagues reported in the 26 August 
2008 issue of the Proceedings of the National 
Academy of Sciences. 

Between 50,000 and 60,000 different 
species of parasitoid wasps have now been 
described. But systematists think that’s just 
the tip of the iceberg. “It’s one of the groups 
that has been understudied historically,” says 
James Whitfield, a parasitic wasp systema- 
tist at the University of Illinois, Urbana- 
Champaign (UIUC), who works with Janzen. 
When researchers sampling tropical insects 
use foggers to down all the insects in a tree 
canopy, sometimes more parasitoid wasps 
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Eaten alive. Larvae of Euplec- 
trus walteri (inset) emerge from 
a caterpillar. 


come raining down than even 
beetles, and “the percentage that are 
new is just really high,” says Whit- 
field. The group he studies contains 
many species that can’t be told apart 
except through molecular studies. 
“There’s a really compelling ar- 
gument that these parasitoid wasps 
may be more 

diverse than beetles,” says Strand. “Virtually 
every arthropod on Earth is attacked by one or 
more of these parasitoid wasps.” 


Biocontrol agents 

Some researchers think this diversity 
has arisen in part because these wasps are 
such picky eaters. A few are generalists, 
laying eggs in a variety of pupae or cater- 
pillars. But many attack only one particular 
prey; Janzen’s records show, for ex 
that more than 90% of the wasps 
parasitize only one or two species 
of caterpillar. “These parasitoids 
are vastly more host-specific 
than anyone thought they were,” 
says Janzen. 

This specificity not only 
underlies the diversity of wasp 
species—the wasps are as 
diverse as the species they 
invade—but also makes the 
insects appealing for biological 
pest control. “The goal is host- 
specific natural enemies,” says 
Kevin Hackett, an entomologist 
with the USDA Agricultural 
Research Service in Beltsville, 
Maryland. Indeed, one of these 
little wasps saved the African 
cassava crop in the 1980s. 

Cassava comes from South 
America, but in the past 400 years, 
it has become a crucial staple for 
millions of Africans, particularly 
those living on marginal land 
where few other crops thrive. In 
the early 1970s, the 


from China. 


mealybug arrived from South 
America in some planting materials and 
quickly spread. Within a decade, the insect 
was causing crop losses of up to 80%. 

Mealybugs are relatively rare on cassava 
in South America. The reason, scientists dis- 
covered, is the parasitoid wasp Apoanagyrus 
lopezi, which parasitizes the bug. After 
studying the wasp to assure themselves that it 
would not become a pest itself in Africa, 
researchers reared large numbers of the wasp 
in Benin, then introduced it into 30 African 
countries. The mealybug is no longer a prob- 
lem in Africa. 

Parasitic wasps have come to the rescue 
elsewhere, but finding the right wasp for the 
job hasn’t always been easy. The wasp must 
come from a climate similar to the one 

in which it will be working, it 


Pest and controller. The cabbage butterfly (top) is kept in check by 
a parasitic wasp, Cotesia rubecula, imported to the United States 
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must be released at the right time of the year, 
and researchers must learn enough about the 
species to raise and feed a few thousand for 
release. But the potential need is high, says 
Hackett: One new invasive species arrives in 
the United States every 6 weeks, on average. 

Take the case of the cabbage butterfly 
(Pieris rapae), which invaded North America 
in the late 1800s. More than a century ago, 
Charles Riley, the chief entomologist at 
USDA, turned his sights on this butterfly, 
whose caterpillar munched its way through 
kale and cabbage crops. He imported a 
parasitoid wasp from England in 1881, but 
“they got the wrong wasp,” says Roy Van 
Driesche, an entomologist at the University 
of Massachusetts, Amherst. By 1 
population had been established 
near Washington, D.C., but it was 
never very effective; neither was a 
wasp brought in from Yugoslavia 
in the 1970s. 

Only now, with the 
spread of a wasp 
imported from Bei 
jing in the 1980s, is 
the cabbage butterfly 
being thwarted, says 
Van Driesche, who 
orchestrated the new 
introduction. The Chinese wasp hails from a 
similar climate, and it kills the caterpillar 
early in its life, before it has a chance to do 
much damage. 

Despite their promise as biological con- 
trol agents, parasitoid wasps have some 
commercial drawbacks. Private companies 
are not much interested in them because 
once the wasps are established, nature takes 
over and sales dry up. And concerns about 
the possible risks of releasing introduced 
species into the wild have also dampened 
enthusiasm for the technique. 


Six-legged lab rat 

Within the lab, however, interest in para- 
sitoid wasps has blossomed. “They provide 
excellent model organisms to explore a 
broad variety of questions in ecology and 
evolution,” says Charles Godfray of the Uni- 
versity of Oxford in the United Kingdom. 
Others are keen to use them to study com- 
plex traits such as longevity, host preference, 
or female mate choice and to investigate the 
mechanisms of speciation. 

One wasp in particular is emerging as the 
lab rat among parasitoids, a fly hunter called 
Nasonia vitripennis. This wasp is easy to 
raise in the lab, has a short life cycle, and can 
interbreed with several closely related 
species if treated with antibiotics. (Other 


wise, a Wolbachia infection makes the 
species incompatible.) And now N. vitripen- 
nis and its two closest relatives have joined 
the elite ranks of organisms whose genomes 
have been sequenced. “This wasp genome is 
very exciting,” says Hackett. In addition to 
helping scientists take advantage of Nasonia 
as a model system, it “will serve as a genetic 
resource for understanding other para- 
sitoids,” he adds. Moreover, the publication 
of genomes of two closely related species, 
with a third on the way, “gives a real insight 
into how speciation occurred,” says Godfray. 

Werren and Stephen Richards of the 
Baylor College of Medicine in Houston, 
Texas, spearheaded the Nasonia genome 


or 


project. Werren has long pushed to expand 
this insect’s use in genetic and behavioral 
studies. Male wasps develop from unfertil- 
ized eggs and thus have a single copy of 
each chromosome, which simplifies certain 
genetic analyses: In experiments that gen- 
erate mutants, any altered genes become 
readily apparent because there isn’t a sec- 
ond copy to mask an effect. Moreover, it’s 
easier to track a gene down and to detect 
interactions among genes in these so-called 
haploid organisms. 

N. vitripennis parasitizes larvae of house 
flies and other filth flies and is not too picky 
about its hosts. But its sibling species attack 
only blow flies found in bird nests. Cross- 
breeding studies have led Werren and post- 
doc Christopher Desjardins to a region of the 
genome responsible for host preference, and 
with further work, they hope to pin down the 
gene and figure out what it does. Such 
progress will promote a better understanding 
of speciation and can help entomologists fig- 
ure out how to manipulate the genomes of 


Spot the differences. Parasitoid wasps 
tend to be host-specific. These wasps, 
paired with the caterpillars they para- 
sitize, look alike but are different 
species of Apanteles. 


+ 


parasitoids to improve their ability as biolog- 
ical control agents, says Werren. 

These wasps may prove useful in bio- 
medicine as well. They produce venom that 
causes temporary paralysis and alters other 
physiological properties. When researchers 
recently combined a computer search of the 
newly sequenced Nasonia genome with a 
sophisticated mass-spectrometry analysis of 
the wasp’s venom, they turned up 79 con- 
stituent proteins. Half the proteins were not 
previously associated with venom, includ- 
ing 23 that were unlike any seen before, Dirk 
de Graaf of Ghent University in Belgium 
and his colleagues will report in an upcom- 
ing issue of Insect Molecular Biology. 
“There is great potential 
that new drugs could 
emerge from the venom 
repertoire of parasitoids,” 
says Werren. 

These first genome 
comparisons also hint at 
what may underlie para- 
sitoid wasp diversity. 
Not only are the venoms 
evolving very quickly and 
enabling the wasps to 
adapt quickly to new 
hosts, but mitochondrial 
genes are changing in double time. 
Drosophila mitochondria genes evolve 
about seven times faster than do genes in the 
nucleus; Nasonia’s mitochondrial genes are 
evolving at least 35 times faster. That means 
nuclear genes for proteins that work in the 
mitochondria in one population of wasps 
very quickly become incompatible with 
another population’s mitochondria, setting 
the stage for a species split. 

In addition to teaching researchers more 
about parasitoid wasps, the Nasonia genome 
“can play a crucial role in sharpening our 
insights” into the molecular basis of social 
life, says Gene Robinson, an entomologist at 
UIUC. It can begin to reveal which genes are 
common to all ants, bees, and wasps and 
which are specific to social insects. 

There is much more to be learned from 
this insect and its genome. It has 450 genes in 
common with humans that are not also found 
in fruit flies, including the full set of genes 
needed for methylation, a process involved in 
turning genes off semipermanently. “This 
species is no longer a ‘weird’ species with 
interesting features,” says Claude Desplan, a 
developmental geneticist at New York Uni- 
versity in New York City. “It has graduated to 
be of help to address questions that cannot be 
investigated that easily in flies.” 

—-ELIZABETH PENNISI 
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Fishing for Gold in. ~ 
The Last Frontier State: 


A gargantuan.gold and copper depositleaves som@ Alaskans fearfulthat they must 
choose between two great loves: salmon and mining 


Tiffany’s tastes are decidedly caviar, but the 
jewelry company has devoted itself lately to 
saving a less chichi seafood: sockeye salmon. 
Two years ago, Tiffany & Co. pledged never to 
buy gold from a gargantuan mine proposed for 
several dozen kilometers northeast of Bristol 
Bay, Alaska, a prolific salmon habitat. Since 
then, Tiffany has helped recruit a dozen other 
major jewelers to the preemptive boycott— 
some prestigious (Helzberg Diamonds), some 
less so (Sears, Walmart)—and continues to 
apply pressure. In October 2009, it took out a 
full-page, cyan-colored ad in the trade maga- 
zine National Jeweler, pleading that the 
“threat” to Bristol Bay “rises above all our 
immediate financial self-interests.” 

The jewelers’ boycott is the most public 
skirmish in the touchy fight over the pro- 
posed Pebble Mine. In some ways, the fight 
feels familiar: Environmentalists see dooms- 
day, whereas mining companies promise jobs 
and tax revenue. In other ways, this clash is 
atypical. Joining environmentalists are their 
sometime foes, fisheries, whose work buoys 
up much of Bristol Bay’s economy. As a 
result, many people paint Pebble Mine as pit- 
ting two moneyed industries, mines and fish- 
eries, against each other. And although peo- 
ple oppose the mine for other reasons, includ- 
ing a desire to shield other flora and fauna, 
salmon earn the most sympathy. 

In another twist, it’s not clear how much 
the mine would threaten the 40 million salmon 
in the bay. Foes and proponents agree that the 
mine, as planned, would disturb less produc- 
tive salmon habitats there. But scientists are 
amassing evidence that the unproductive habi- 
tats of today may be vital for a robust salmon 
population tomorrow. By mucking around in 
ancient mud, they have charted salmon popu- 
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lations over hundreds, even thousands of 
years. They’ve discovered that somewhat bar- 
ren streams and lakes were wildly productive 
once, and populations in each habitat wax and 
wane naturally with shifts in climate. So, as a 
precautionary measure and to ensure that 
Alaska has fish to fish in the future, scientists 
contend that the state must preserve its variety 
of habitats—by killing Pebble. 

The Pebble Partnership—a joint venture 
of the mining companies Anglo American 
US LLC and Northern Dynasty Minerals— 
has said, many times, that it will proceed 
only if the project results in “zero loss” to 
fisheries, says Ken Taylor, head of the part- 
nership’s eight-person, $100 million (so far) 
environmental-assessment project. Taylor 
argues that giant mines and fisheries can 
co-exist. 

Pebble officials also stress that they are 
merely exploring the site and have no firm 
plans. In fact, given the fickleness of Alaskan 
politics, it’s not clear whether the mine will ever 
open. Pebble needs to secure state air and water 
permits, among others, and submit an environ- 
mental impact statement that the federal gov- 
ernment will spend years scrutinizing. Tom 
Crafford, coordinator for large mines at the 
Alaska Department of Natural Resources, says 
Pebble would not crush its first rock until 2014, 
and that’s if everything goes smoothly—if 
permits sail through, and court challenges 
end quickly. When Crafford mentions even 
that date, he chuckles, hard: “‘The likelihood of 
Pebble going smoothly is pretty minimal.” 


Mother lodes 

The 3-km by 4-km Pebble deposit sits below 
marshy tan tundra, an expanse broken by 
mountains and veins of streams. Pebble 
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Claim stake. A lone stake casts a shadow on the site 
of the proposed Pebble Mine. 


West, 3.7 trillion kg of minerals, was discov- 
ered in 1988. Its ore was marginal, mostly 
low grade. Near the end of the survey, in 
2005, engineers drilled a few last holes on 
the eastern edge. They hit the mother lode: 
Pebble East, an additional 3.1 trillion kg of 
higher-grade ore interred beneath a 1-km 
wedge of volcanic rock. 

With that discovery, Pebble became a 
national environmental issue. The tiff with 
Tiffany focused attention on gold, but the 
Pebble deposit is largely copper—33 billion 
kg compared with 2.9 million kg (94 million 
oz.) of gold. (There’s also 2.2 billion kg of 
molybdenum.) Metal markets can swing man- 
ically, but at today’s healthy prices (gold at 
$1100 an oz.; copper at $7 per kg), the total 
deposit could be worth some $370 billion. 

Most people surmise that Pebble East 
would be a subterranean “cave” dig that 
would require moving 4 trillion kg of rock. 
Pebble West, likely a strip mine, would 
remove 4 trillion kg more from an open pit. 
(Foes of the mine claim the pit would stretch 
3 km across and 600 m deep. Taylor says it 
would be much smaller.) Pebble would have 
to build its own power supply, as well as a 
160-km service road to a Pacific Ocean port in 
a region not conducive to ground transport— 
no road exists to Anchorage 330 km away. 
Pebble must also accommodate 1000 or so 
on-site employees for up to 80 years. 

Some scientists fear that those mining 
jobs, coveted by some locals, would under- 
mine jobs in fishing. To scrub its low-grade 
ore, Pebble would require massive amounts 
of water, and as Crafford recognizes, “For 
mining projects, water, and water quality, and 
the protection of water quality, are the name 
of the game.” With the identity of the region 
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The Secret Lives of Ocean Fish 


It’s easy to monitor the health of stocks of salmon because salmon spawn 
in small, discrete, and accessible freshwater bodies. Tracking fish in the 
ocean is a little tougher. But many scientists argue that ocean fish such as 
cod segregate themselves into distinct environments, as salmon do—and 
thrive or struggle for the same reasons. 

For cod, population health depends on both human fishing and eco- 
logical factors. The 6 billion or so kilograms of cod living off Newfound- 
land and Labrador in Canada in the 1940s has dropped to hundreds of 
thousands of kilograms today, partly due to overfishing, says George 
Rose, a professor of fisheries conservation at Memorial University of 
Newfoundland in St. John’s. “People thought little stocks [of cod] weren't 
important, and they got wiped out,” he says. When large stocks faltered 
too, nothing could replace them. 

But Rose’s research reveals tremendous variation in the way cod stocks 
responded to the collapse. “Groups ... very close geographically in fact 


are subject to very different ecological conditions,” he says. As a result, 
“even in the worst possible times, in the 1990s, we had a couple of groups 
that were actually doing beautifully.” 

Work in biocomplexity—the physical diversity of fish habitats— 
explains why. To terrestrial animals (such as humans), oceans look 
homogenous—cold, deep, and empty—says Larry Crowder, a marine biol- 
ogist at Duke University in Durham, North Carolina. However, oceans have 
currents, canyons, mountains, reefs, and forests of plants, which alter a 
habitat from top to bottom. Submerged vegetation supports prey at the 
expense of predators, given that prey can slip away in tangles of weeds. Fish 
rely on submarine currents to transport eggs and larvae from nests to feed- 
ing grounds. Climate change or fishing can alter habitats, and depending 
on how a stock’s habitat responds, its population contracts or expands. 

To thrive overall, species need to hedge themselves, by finding a bal- 
anced array of habitats to supply more or fewer fish as need be. “I guess it’s 
like an orchestra,” Rose says. “You have the horns playing for a bit, then the 
strings come in.” -S.K. 


tied up with salmon, he adds, “Pebble will be 
under an unprecedented microscope.” 

To outsiders, the names of local water- 
ways blur together in a series of gutturals: 
Ugashik, Egegik, Naknek, Kvichak. To 
salmon, each “run” is a unique ecosystem, as 
distinct as a city. Salmon spend their adult 
lives at sea but spawn—mate and lay eggs in 
gravel beds—in fresh water, a biological 
quirk that requires them to thrash upstream 
for sometimes hundreds of kilometers. And 
salmon are homebodies; they spawn in the 
waterway where they were born, so depleting 
arun can doom a population. 

Preliminary permit applications suggest 
that Pebble would draw at least 76 million 
liters of water (estimates by opposition 
groups range up to 265 million) per day from 
the Koktuli and Talarik rivers, which drain 
into other rivers and lakes and then Bristol 
Bay. Pebble would also likely discharge 
processed water into streams—a prospect 


Ups-and downs. The productivity of.different 
salmon streams varies greatly over decades, and 
some scientists worry that the Pebble Mine would 
harm tomorrow's prolific habitats. 
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that worries environmentalists, who fear that 
even clean discharge could alter a habitat’s 
temperature or salinity or sediment composi- 
tion, preventing adults from reaching spawn- 
ing sites or retarding the growth of juveniles. 
And unfortunately, metal mines don’t have a 
history of clean living. Again, Pebble has no 
firm plans, but many gold mines use cyanide 
for extraction; ground-up waste rock could 
also release sulfides, rendering water more 
acidic. Some evidence suggests that aqueous 
copper—at concentrations below Alaska’s 
legal limit—interferes with the way salmon 
navigate and detect predators and disrupts 
their food chain, although ecologists also 
admit that the harm, if any, is impossible to 
predict because natural processes often miti- 
gate the effects of copper. 

Scientists also worry about pollutants 
leaking horizontally through the wet tundra, 
because Pebble would straddle two water- 
sheds with complex hydrology, says Sarah 


O’Neal, a population biologist at State of the 
Salmon, a Portland, Oregon, environmental 
group. “It’s really hard to tell where the 
water’s going there, even the surface water. It 
can cross watershed boundaries, and you can 
find any potential contaminants across any 
watershed.” It’s therefore difficult to gauge 
which habitats are at risk, she says—and there 
are innumerable habitats: “Even the teeniest 
tiniest places, above disconnected channels, 
there are still fish in those little ponds.” 


Biocomplexity 

Teeny-tiny ponds and creeks obviously don’t 
supply millions of salmon and other fish, like 
trout, for Bristol Bay, but they’re not irrel- 
evant in the long term, say fishery scientists 
Daniel Schindler and Ray Hilborn, part of a 
University of Washington, Seattle, team 
studying the issue in Alaska with support 
from federal agencies and the Moore and 
Pew foundations. (A small percentage of 
support also comes from fisheries groups.) 
Hilborn estimates that the mine could 
threaten four or five of 15 distinct stocks of 
sockeye salmon, the most economically 
important species. Those four stocks account 
for 20% of the sockeye population now, “but 
at some times [those stocks] would have 
accounted for 80% of the production,” he 
says. In different eras, “there’s an enormous 
variation in what’s being productive.” 

A few years before Pebble East was dis- 
covered, Schindler began charting those vari- 
ations by using nitrogen-14 and nitrogen-15 
isotopes in lake sediment. Oceans contain 
more of the heavy isotope than fresh water 
contains, so salmon have a higher percentage 
in their bodies than freshwater fauna. By plot- 
ting the rising and falling nitrogen-15/-14 
ratio in cores of lakebed mud (where salmon 


VOL 327 SCIENCE www.sciencemag.org 


CREDIT: © NATALIE FOBES/CORBIS 


CREDIT: ERIN MCKITTRICK, WWW.GROUNDTRUTHTREKKING.ORG; (MAP SOURCE) RENEWABLE RESOURCES COALITION/ALASKA DEPARTMENT OF NATURAL RESOURCES 


PROPOSED SITE OF ALASKA'S PEBBLE MINE 


Proposed 


ALASKA yp 
< Koktuli 


sink when they expire, exhausted, after 
spawning), Schindler can trace demo- 
graphic booms and busts back 10,000 years 
in some areas. He found that the population 
in each inland waterway—whether a moun- 
tain creek just centimeters deep, a meter- 
deep river from an underground spring, a 
lake beach, etc.—fluctuates erratically and 
independently of its neighbors. That’s 
because its temperature, depth, and other 
qualities respond to different environmental 
factors—heavy rains, ice, tree cover, 
floods—in unique ways. Salmon also 
spawn or migrate back to sea as juveniles in 
different months, and El Nifio and decades- 
long weather patterns fiddle with ocean 
habitats. Salmon thrive where conditions 
are favorable each decade, and given the 
diversity of Bristol Bay, odds are they will 
be favorable somewhere. 

Schindler and Hilborn refer to this buffer 
of redundant habitats as “biocomplexity.” 
“Regular biodiversity focused on the biotic 
component of the system, like genetic diver- 
sity, population diversity, species diversity,” 
Schindler explains. “But that’s not thinking 
about the coupled physical landscape. In the 
case of salmon, it’s important to consider 
them together because the habitat is evolv- 
ing.” Other fish scientists argue that bio- 
complexity underlies the health of many fish 
populations worldwide. George Rose of 
Memorial University of Newfoundland in 
St. John’s, Canada, finds only subtle genetic 
differences between some of the thriving and 
crashing stocks of Atlantic cod he studies. 
“There’s nothing obviously different 
between these fish—except they have a dif- 
ferent home.” The reasons are murky, he 
says, “but one group does really well for a 
while, then the other does well for a while” 
(see sidebar, p. 264). 
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But that murkiness has been clearing up 
lately, and Schindler and Hilborn argue that 
the failure of some fisheries shows the folly 
of focusing only on productive watersheds. 
Dams in the U.S. Pacific Northwest—often 
built decades ago on nonproductive runs— 
have cut off spawning grounds that might 
have helped salmon recover when the popu- 
lation in other places flat-lined. In British 
Columbia, Canada, fishers long neglected all 
but the teeming Fraser River stock, which 
replenished itself each year. But extenuating 
circumstances caused the stock to collapse 
last summer to just 1.7 million salmon, well 
under the expected 11 million to 13 million, 
and left the industry gasping. 

But the Fraser situation holds other les- 
sons, too, claim Pebble officials. Large 
mines had been excavating copper within 
10 km of Fraser River for decades before the 
salmon collapse, with seemingly no toxic 
effects. (Most scientists, including Schindler 
and Hilborn, blame the collapse on climate 
change or a lice infestation from fish farms.) 
Taylor, Pebble’s environmental man, also 
points out that Alaska’s Copper River, named 
after nearby and well-mined deposits, sup- 
ports some of the premium salmon runs in 
Alaska. Moreover, the Bristol Bay salmon 
are hardly endangered or reeling: Schindler 
has never seen a higher population in his 
demographic studies. 

Given Alaska’s unreliable political 
climate—the state has a history of mavericks 
and ruthless moneyed interests (the Anchor- 
age Daily News has a Web page to help sort 
through the endless federal inquiries into cor- 
ruption there, http://www.adn.com/fbi )— 
most people declined to handicap whether 
Pebble Mine will actually open, much less 
when. Governor Sean Parnell has taken no 
public stand on Pebble. Neither has former 
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Drill bit. Miners are still 
exploring the Pebble site, but 
environmentalists already 
see doomsday. 
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Governor Sarah Palin, though her husband, 
Todd, works part-time fishing salmon. Never- 
theless, those who read tea leaves interpret her 
comments and actions as pro-Pebble. Other 
former governors, as well as former U.S. Sen- 
ator Ted Stevens, widely viewed as in favor of 
mining anything, have denounced Pebble. 

Alaskan citizens send conflicting sig- 
nals, too. Polls have shown that over half of 
Alaskans oppose the Pebble project, includ- 
ing about 70% of the people, largely Native 
Americans, near Bristol Bay. Then again, 
native groups recently opposed a strict 
clean-water initiative that many viewed as a 
referendum on Pebble, because it would 
have made mining there effectively impos- 
sible. (Some residents worried that the ini- 
tiative would hamper all large mines in the 
state.) The initiative lost 57% to 43% during 
a statewide election in August 2008. So for 
now, Pebble lives, and, ultimately, Taylor 
feels, public pressure won’t sway or disturb 
the regulatory agencies that will decide its 
fate. Pebble likely will not begin submitting 
permits until 2011. 

Perhaps the one thing more uncertain 
than Alaskan politics is the potential effect 
of global warming on salmon runs. Alaska 
has grown rainier and warmer in the past 
few decades, and as glaciers melt and 
established ocean currents wobble, scien- 
tists do not pretend they can predict what 
will happen to spawning grounds. But 
really, that’s the point of the biocomplexity 
work: Nobody can know. An empty river 
today could be boiling over with salmon in 
20 years—if it remains habitable. “Life 
choices that work in one decade may not 
work in another,” says Hilborn. “You want 
something out there that’s going to be doing 
well in a warmer world.” 

-SAM KEAN 
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INFECTIOUS DISEASES 


Questions Abound in 0-Fever 
Explosion in the Netherlands 


A burgeoning goat-farm sector appears to be behind the worst outbreak ever 


recorded of a rare zoonosis 


VINKEL, NETHERLANDS—Jan van Lokven 
has been a goat farmer for 23 years, but he’s 
about to lose half his livelihood. Later this 
month, government officials will show up at 
his barn to kill all of his pregnant goats—more 
than 60% of his flock of almost 650 animals. 
Drinking coffee at his kitchen table, Van 
Lokven says he isn’t sure what he’! do that day. 
His animals would be more at ease if he’s 


Grisly job. A vet injects marked, pregnant goats with a sedative during a 
mass culling operation at a Dutch farm. 


around while the culling team does its grisly 
job, he says. “I just don’t know if] can watch it.” 

Just before Christmas, the Dutch govern- 
ment decided to cull about 40,000 pregnant 
goats at more than 60 farms in hopes of halt- 
ing the worst outbreak ever of a little-known 
bacterial disease called Q fever. The problem 


isn’t that the goats are suffering; it’s that they 
are microbiological time bombs that threaten 
human health. 

Q fever causes little disease in animals, and 
most farmers don’t see it as a problem. But it 
can lead to abortions and stillbirths—and 
when it does, the animals’ placentas and birth 
fluids contain many billions of microbes that 
spread easily into the environment. Such out- 
bursts are assumed to have 
caused increasingly bigger 
waves of human Q-fever 
victims—most of whom 
come down with pneumo- 
nia—in the Netherlands 
the past 3 years. In 2009, 
there were more than 2300 
human cases, including 
six deaths. 

Until now, Q fever has 
been seen primarily as a 
rare occupational disease 
for farmers, veterinarians, 
and slaughterhouse work- 
ers and as a potential—if 
not very deadly—bioterror 
agent. Nobody is sure what 
triggered the explosive outbreak in the Nether- 
lands, which has sickened mainly people who 
never had contact with animals, so the small 
cadre of Q-fever experts elsewhere in the world 
are following the Dutch struggle with fascina- 
tion. “Nothing like this has ever been reported,” 
says Jennifer McQuiston of the U.S. Centers 


Humans, Animals—It's One Health. Or Is It? 


A “holistic approach” and “synergism” working 
for the health of all species. Those are the buzz- 
words of the One Health movement, which aims 
to bring veterinary and human health closer 
together. Because people and animals form 
such a close-knit ecosystem—and most new or 
re-emerging diseases come from animals— 
the classic divide between veterinarians and 
doctors is hampering disease control, three 
scientists argued when they began promoting 
the concept 3 years ago (Science, 15 June 


2007, p. 1553). 


But the Dutch Q-fever outbreak provides a 
vivid example of how those two worlds often 
don’t get along, especially when the stakes are 
different for each. Public health officials have 
complained that the veterinary community didn’t 
properly inform them and that the outbreak 
spiraled out of control in part because economic 
interests trumped human health. “Sure, One 
Health, it’s a nice concept, but we clearly have a 
long way to go,” says Roel Coutinho, head of the 
Centre for Infectious Disease Control. 

What makes Q fever tricky is that the vast 


for Disease Control and Prevention in Atlanta. 
She adds that between 100 and 170 human 
cases are reported annually in the United 
States. Faced with major gaps in scientific 
understanding and criticism that public health 
has taken a back seat to farmers’ interests, the 
Dutch government has launched a flurry of 
studies of the disease and of Coxiella burnetii, 
the intracellular bacterium that causes it. 

Q fever was first described in abattoir 
workers in Brisbane, Australia, in 1935. Its 
name—short for “query” because of its mys- 
terious nature—was meant to be temporary, 
but it stuck even after C. burnetii was isolated 
in 1937. As it turned out, the microbe can be 
found almost anywhere in the world, and it has 
a bewildering range of hosts and ways to 
spread. It can infect mammals, birds, and 
arthropods, including ticks, which contribute 
to its spread by producing large amounts of it 
in their feces. 

Scientists don’t understand exactly why 
C. burnetii amasses in the wombs of preg- 
nant animals, but past epidemiological stud- 
ies have shown that the resulting abortions— 
especially in sheep and goats—are by far the 
biggest risk factor for human infections. 
However, human transmission from consum- 
ing contaminated milk and cheese, getting 
bitten by ticks, and having sex with an 
infected person have been reported as well. 

In the United States, Q fever is classified as 
a “Category B” bioterrorism agent because it 
would be relatively easy to use and because, 
although not as deadly as anthrax or plague, 
attacks could still create widespread disease 
and panic. The U.S. Army exposed human vol- 
unteers to it as part of its biowarfare program 
in the 1950s; the Soviet Union experimented 
with it as well, as did the Japanese cult Aum 
Shinrikyo, known for its 1995 sarin attack. 
Bioterror worries brought more attention to it 
in the ’90s and prompted the United States to 
make it reportable in 1999. 


majority of animals are healthy and asympto- 
matic, says French epidemiologist Didier 
Raoult of the Université de la Méditeranée in 
Marseille, France. The disease does trigger 
some abortion and premature birth, but the 
economic damage is limited, so there’s little 
incentive to do anything about an outbreak. 
“The vets don’t care about it,” says Raoult— 
and human health suffers as a result. 

Animal health authorities were slow to inves- 
tigate suspected farms even as human cases 
started pouring into hospitals in 2008, says Jos 
van de Sande, a doctor at a regional health serv- 
ice in Noord-Brabant, the hardest-hit province. 
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Rising tide. The number of human Q-fever cases exploded in the past 3 years, 
and the disease, originally concentrated in the south, spread north and east. 


This increased awareness—along with bet- 
ter diagnostic tests—may explain the rising 
number of reported outbreaks of Q fever over 
the past 10 years worldwide, says epidemiolo- 
gist Didier Raoult of the Université de la Médit- 
eranée in Marseille, France, the foremost expert 
in human Q fever. “Once you start looking for Q 
fever, you'll find more and more of it,” he says. 

But what’s going on in the Netherlands 
now is not just better detection but some- 
thing new and different, says epidemiologist 
Roel Coutinho, head of the Centre for Infec- 
tious Disease Control in Bilthoven. When 
182 human cases were detected in and 
around a town called Herpen in the summer 
of 2007, it seemed like a one-off outbreak. 
But in 2008, a new wave erupted, quickly 
filling up intensive-care units in the province 
of Noord-Brabant. A thousand cases were 
reported that year. In 2009, the number of 
new cases jumped to almost 2200, and the 
disease was found across the country. 

It’s still unclear what’s behind the massive 
spread. Part of the reason has to be the recent 
expansion of high-intensity goat farming in 
the densely populated country, says Coutinho. 
The number of goats has quadrupled in Hol- 
land to more then 350,000 since 1995, and the 
number of them per farm has tripled; the 
country is now home to some of the biggest 


To protect farmers from stigmatization, Van de 
Sande and his colleagues weren't told the exact 
location of contaminated holdings, only the 
general area. “You can’t fight an epidemic like 
that,” he says. Coutinho adds: “We just weren't 
able to get across how serious the human prob- 
lem was getting.” 

Christianne Bruschke, the country’s chief 
veterinary officer, dismisses those claims. 
From the onset, policy was set by a working 
group with members from both the agriculture 
and the health ministries—and it included 
Coutinho and other scientists. “They should 
have spoken up before if they disagreed,” says 
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goat farms in the world. (In 
a sad twist of fate, some 
farmers switched to goats 
after a devastating swine flu outbreak ruined 
the Dutch pig industry in the 1990s.) Farms are 
often close together, and animals are frequently 
transported between them, presumably facili- 
tating spread, says Coutinho. Bacteria 
released during abortions end up in manure, 
which is often spread onto farm fields; the 
wind may have carried them to the many sur- 
rounding towns and cities. 

But Hendrik-Jan Roest, a scientist at the 
Central Veterinary Institute of Wageningen 
UR in Lelystad, says the sudden increase could 
be linked to a more virulent subtype of the 
microbe that started spreading in about 2005. 
Genetic typing by Corné Klaassen at Canisius 
Wilhelmina Hospital in Nijmegen has shown 
that all Dutch farms and patients are infected 
by a single subtype of C. burnetii. That sug- 
gests that the strain is somehow better at prop- 
agating itself than others, Roest says. He plans 
to compare strains in a collaborative study with 
Annie Rodolakis of the French National Insti- 
tute for Agricultural Research in Tours, who 
has developed a mouse model of Q fever. 

A more urgent question is how to bring the 
outbreak under control. In 2008, veterinary and 
public health authorities hoped that hygienic 


Bruschke. She says the government had to 
strike a balance between farmers’ interests and 
public health in the face of insufficient data 
about how Q fever spread: “You can’t impose 
draconian measures on farmers if you have no 
idea whether they will have an effect.” 

The Dutch government plans to investigate 
how the epidemic was handled. Coutinho says 
one lesson is already clear: Veterinarians 
should notify their colleagues in public health 
anytime a zoonotic disease starts spreading in 
animals—as Q fever did in 2005, 2 years 
before the human explosion began. 

—-M.E. 


measures, such as a 
ban on distributing 
manure on farm 
fields, would help 
reduce human exposure. Now, the hope is 
that an animal vaccine produced by CEVA, a 
French company, can help bring the microbe 
under control. In short supply in 2008 and 
°09, the vaccine will be plentiful this year, 
says Christianne Bruschke, chief veterinary 
officer at the agriculture ministry. The vac- 
cine does not prevent all infections, but it 
does prevent most abortions, which should 
help curtail the spread of the disease. 

The vaccine does not work in infected 
animals, however, which is why an expert 
panel recommended in early December the 
emergency slaughter of all pregnant goats at 
affected farms. (There is no reliable way to 
quickly distinguish infected goats from 
healthy goats.) Bruschke says the cull is a 
one-time measure to prevent another mas- 
sive release of microbes in the spring of 
2010, when the goats would normally give 
birth. Then from 2011 on, the effects of the 
vaccine should start kicking in. 

The impact on some farmers could be dev- 
astating, says Van Lokven. The Dutch govern- 
ment reimburses farmers for the current value 
of the goats but doesn’t do so for the loss of 
income while they rebuild their flocks. 

How well the measure will work is unclear 
as well. The huge numbers of C. burnetii 
already in the environment may persist for 
months or years; there’s no good way to meas- 
ure their numbers or to assess the threat they 
pose, says Roest. And there are many other 
questions. Although there is little doubt that 
goat farms are key amplifiers in the current 
outbreak, the role of cattle farms is unclear. 
For now, most experts say another surge of 
human cases this spring is inevitable—they 
just hope it will be smaller than that of 2009. 

—MARTIN ENSERINK 
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The Potential of Nutritional Therapy 


WE THANK J. BOHANNON (“THE THEORY? DIET CAUSES VIOLENCE. 
The lab? Prison.” News Focus, 25 September 2009, p. 1614) for draw- 
ing attention to Gesch’s research on the use of complex micronutrient 
therapy to reduce violence by prison inmates. Many studies of nutri- 
tional therapies of mental disorders were done in the past century and 
showed limited benefit (/), pro- 
bably because each study investi- 
gated a single nutrient at a time. 
Nutritional therapies do not draw 
the financial support of pharma- 
ceutical companies, which cannot 
patent them. Clinicians resist using 
supplements as treatments, mostly 
because they lack knowledge about 
them. In the realm of mental health, 
recent research highlights the im- 
portance of investigating complex 
micronutrient supplementation for the treatment of mental illness 
(2-4). This emerging research stems from multiple conceptual frame- 
works, including the “orthomolecular” tradition mentioned by 
Bohannon as well as the observation that psychiatric symptoms and 
neuropathic pain can accompany mitochondrial disorders that may be 
ameliorated by complex nutritional therapies (5-8). 


Emissions Omissions 


POLICY FORUM | 


Rethinking drug marketing 


EDUCATION FORUM | PERSPECTIVES 


Patients who do not respond to prescription drugs are more 
common than previously thought (9), and this, along with the frequent 
side effects of medications, should compel researchers to study those 
alternatives gaining both empirical and theoretical support. 

Medical journalism may be one important agent for spreading 
information about legitimate research on nutrition and mental health, 
especially in the face of the lack of profit-generated funding. This also 
implies a special responsibility for medical journalists, since the 
danger of “pseudoscience” is close at hand. 
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S. C. JACKSON (“PARALLEL PURSUIT OF NEAR- 
term and long-term climate mitigation,” Policy 
Forum, 23 October 2009, p. 526) ranks the 
roles that long-lived versus medium- and short- 
lived pollutants will play 20 years in the future. 
However, in constructing the ranking, Jackson 
assumed either that emissions of CO,, volatile 
organic compounds (VOCs), NO,, SO,, CO, 
and black and organic aerosols in 2030 would 
be the same as those in 2000 [taken from 
EDGAR database and Bond et al. (/)], or that 
CO, and ozone precursors both grew at a 
nonzero rate from 2000 to 2030. We believe 
that this is a critical error in the analysis; in 
many key sectors (e.g., power generation and 
road transport) the emission trends for short- 
and long-lived pollutants are opposite, and the 


ratio of the emissions of short- and long-lived 
pollutants in 2030 will be very different from 
that in 2000. 

A closer consideration of road transport 
supports this argument. The International 
Energy Agency (IEA) collaborated with the 
World Business Council for Sustainable De- 
velopment in 2002 to 2004 as part of the 
Sustainable Mobility Project (SMP) to de- 
velop the IEA/SMP global transport spread- 
sheet model (2), which provides estimates for 
global emissions of CO,, particulate matter 
(PM), NO,, CO, and VOCs from road trans- 
port for 2000 to 2050. Over the past few 
decades, technologies (such as catalytic con- 
verters, particulate filters, oxidation catalysts, 
and NO, traps) have been developed that have 
led to large reductions in the emissions of cri- 


teria pollutants (NO,, VOCs, PM, and CO) 
from new vehicles. As the on-road fleet is 
replaced by vehicles with new emission con- 
trol systems and as the technology diffuses to 
less-developed nations in the coming decades, 
the emissions of criteria pollutants from road 
vehicles will decline substantially. 

The global emissions in the IEA/SMP refer- 
ence case for road transport (light-duty vehi- 
cles, freight trucks, buses, two- and three- 
wheelers) in 2000 for CO,, NO,, VOC, and CO 
are consistent with those in the EDGAR (3) 
database used by Jackson. Road transport CO, 
emissions in the IEA/SMP reference scenario 
(2) increase by approximately 57% from 2000 
to 2030, reflecting increased demand for road 
transport services. In contrast, road transport 
PM, NO,, VOC, and CO emissions in the 
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IEA/SMP reference scenario decrease by 
approximately 63, 70, 90, and 86%, respec- 
tively, from 2000 to 2030, reflecting improved 
emission control mandated in most regions of 
the world. The use of constant emission values 
for PM, NO,, VOC, and CO leads to an over- 
estimation of the relative impact of these 
short-lived pollutants compared with that of 
CO, by approximately an order of magnitude. 
Similarly, the emissions of SO, from power 
plants in 2030 are likely to be greatly overesti- 
mated by assuming that the emission levels 
were the same as in 2000 [full implementation 
of the U.S. Clean Air Interstate Rule is esti- 
mated (4) to lead to an approximately 70% 
reduction in SO, emissions from power plants 
in the United States]. 

In assessing the likely future contribution of 
PM, NO,, VOC, SO,, and CO to radiative fore- 
ing of climate change, the substantial ongoing 
reductions that are occurring in the emissions 
of these criteria air pollutants must be included. 
Analyses that do not include this factor are 
likely to greatly overestimate the importance 
of such short-lived air pollutants to climate 
change. T. J. WALLINGTON,* J. E. ANDERSON, 

S. A. MUELLER, S. WINKLER, J. M. GINDER 
Systems Analytics and Environmental Sciences Department, 
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Response 
THE ESSENCE OF WALLINGTON ETAL.’S COMMENT 
is that emissions of short-lived pollutants in 
the global road transport and U.S. power 
sectors are forecasted to decline and that 
this forecast should have been included in 
the steady-growth scenario in my Policy 
Forum. In the steady-growth scenario, 
emissions of some short-lived pollutants 
were held constant and others increased. 

The auto industry does indeed have a goal 


www.sciencemag.org SCIENCE VOL 327 


Plants to 
combat malaria 


and a forecast (/) to reduce short-lived road 
transport emissions more quickly than the 
multisector growth rates I applied. However, 
this forecast represents only one possible 
future path, and achievement of the forecast 
is not a foregone conclusion; the report (/) 
cited by Wallington ef al. explicitly articulates 
assumptions about future policies, economics, 
and behavioral change that require active miti- 
gation effort. 

Regardless of the trends in global road 
transport and U.S. power plant emissions, 
these sectors represent a fraction of short- 
lived pollutants. Specifically, of total global 
emissions in year 2000, global road transport 
and U.S. power plants represented 15% of 
total black carbon (2), 40% of fossil fuel— 
generated black carbon (2), less than 20% of 
two ozone precursors (CO and nonmethane 
volatile organic compounds) (3), about 40% 
of another ozone precursor (NO,) (3), and 
about 10% of sulfur dioxide (SO,) (3). Thus, 
declining emission forecasts in these sectors 
do not necessarily represent the overall trend 
for short-lived emissions. 

In fact, from 1990 to 2000, the global 
trends for short-lived pollutants were flat to 
increasing (2, 4), except for SO,, which had a 
cumulative global decline of 3 to 10% (3-5). 
From 2000 to 2030, the global projections for 
all short-lived pollutants, including SO, (6), 
continue a trajectory that is flat to increasing 
in the majority of Intergovernmental Panel on 
Climate Change scenarios (4, 7, 8), with neg- 
ative trends for a minority of pollutants in a 
minority of scenarios. 

My conclusions are robust across a wide 
range of scenarios. As shown in the Policy 
Forum, short- and medium-lived pollutants 
represent a majority (57 to 60%) of the positive 
radiative forcing (RF) generated in years | to 20 
in both the constant-emissions and steady- 
growth scenarios, which approximately bound 
the IPCC marker scenarios (4). Applying this 
methodology to the sectors and pollutants under 
discussion, holding all else equal, neither com- 
plete elimination of auto industry black carbon 
nor complete elimination of global ozone pre- 
cursor emissions would reduce the short- and 
medium-lived contribution to positive RF to 
less than 50%. This highlights the fragmenta- 
tion and diversity of global sources of short- 


and medium-lived pollutants, and the conse- 
quent difficulty of reducing their contribution. 
Reductions of each pollutant in each sector are 
essential, but do little individually to change 
the mathematics of global contribution ratios. 
Forecasted reductions of short-lived warm- 
ing pollutants by the auto industry represent 
a beneficial and critically important step 
toward climate mitigation, but do not indicate 
that the climate contribution of this category 
of pollutants is already resolved. Indeed, 
active mitigation of short- and medium-lived 
pollutants across many sectors is essential to 
near-term climate mitigation and must be pur- 
sued aggressively in parallel with reduction of 
long-lived pollutants. STACY C. JACKSON 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “Impact of genome reduction on bacterial metab- 
olism and its regulation” by E. Yus et al. (27 November 
2009, p. 1263). In the author list, Luis Serrano should have 
been designated as corresponding author along with Peer 
Bork. Their respective e-mail addresses are: luis.serrano@ 
crg.es (L.S.); bork@embl.de (P.B.). 


Essay: “GE prize essay” (4 December 2009, p. 1361). In 
the biography of Masahiro Kitano, the regional winner from 
Japan, the title of his winning essay was incorrect. The cor- 
rect title is “Elucidating the mechanisms of corpse engulf- 
ment by live-cell protein activity monitoring.” 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 

general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


15 JANUARY 2010 


269 


270 


HISTORY OF SCIENCE 


Recovering a Humboldtian Legacy 


Nicolaas A. Rupke 


n the way back from his 
historic journey of explo- 
ration of the equatorial 


Americas (1799-1804), Alex- 
ander von Humboldt briefly set 
foot on the soil of the still-young 
American republic. He spent 
seven weeks in the United States 
visiting Philadelphia and Wash- 
ington, where he met Thomas Jef- 
ferson, James Madison, and other 
prominent figures. Humboldt’s 
classic narrative of travel, trans- 
lated from the original French 
into English by the remarkable 
Helen Maria Williams under the 
title Personal Narrative of Travels 
to the Equinoctial Regions of the 
New Continent (1), never got as 
far as the tail end of his journey. 
Yet during the decades that fol- 
lowed his East Coast visit, Hum- 
boldt became a major force in “the 
shaping of America.” In his multi- 
volume Reisewerk (travel oeuvre) 
(2) and, toward the end of his life, 
in Cosmos (3), he taught how to 
observe and treasure nature’s 
monuments. His large-scale view 
and vision of the physical world 
led the way in what we have come 
to call an ecological understand- 
ing of nature. On both sides of 
the Atlantic, many were inspired 
to follow in Humboldt’s footsteps 
or go beyond him, to explore the 
North American interior and west, 
for example. Among them were such eminent 
Humboldtians as Prince Maximilian of Wied 
and Balduin Mollhausen, who in their travel 
narratives included grand illustrations of 
wilderness. Painters of North America’s late 
Romantic period also went west and beheld 
the landscape with what recent geographers 
term the “Humboldtian physiognomic gaze.” 

Perhaps the most famous Humboldtian of 
all was Charles Darwin, who devoured the 
Narrative of Travels on his journey around 
the world aboard HMS Beagle. The body of 
secondary literature on the two men is enor- 
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Humboldt in Tower Grove Park, St. Louis, Missouri. 


mous, and new books and 
articles—scholarly as well 
as popular—on them keep 
rolling off the presses year 
after year. From this litera- 
ture, it appears that each 
generation of biographers 
has produced its own Dar- 
win as well as its own Hum- 
boldt. Admittedly, in North 
America, interest in Humboldt waned after 
the 1869 centenary of his birth, only to show 
a reversal in recent decades. Humboldt is 
being rediscovered and, what’s more, honored 
by historians as a founding father of North 
American environmentalism. 

Substantially boosting this reversal, 
Laura Dassow Walls, an expert on American 
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Romanticism and Transcendentalism and a 
connoisseur of environmental literature (at 
the University of South Carolina) gives us a 
Humboldt fit for our times. Walls’s The Pas- 
sage to Cosmos is more than a scholarly study 
of Humboldt. It also is a subjective account 
of Walls’s own “passage to Cosmos.” The 
author briefly but movingly recounts what 
she calls her “kinglet moment”: As a young 
student assistant at a natural history museum 
she was given, for the purpose of preparing a 
study skin, a ruby-crowned kinglet, “freshly 
dead, tiny, a mere tuft of down. And beau- 
tiful, so beautiful I was shocked to tears— 
softly shaded olive browns, elegant to the last 
detail, topped with that brilliant jewel-bright 
ruby crown. Every feather was an astonish- 
ment. I held that kinglet in my hand, bewil- 
dered, and something inside me broke.” It 
was this experience that brought Walls to the 
naturalist, writer, and early environmentalist 
Henry David Thoreau and thence to Hum- 
boldt, both of whom unified scientific knowl- 
edge and aesthetic-emotional sensibilities. 
“‘Humboldt’s science had heart,” Walls states. 

In her magisterial sweep across “the cult 
of Humboldt that peaked in the United States 
in the 1850s,” Walls shows that Humboldt’s 
envisioning of nature stamped its mark on 
a distinctive American fine arts tradition 
that remains alive today. She is at her most 
inspired where she treats of Thoreau, the 
painter Frederic Edwin Church, and the poet 
Walt Whitman. Church is a particular favor- 
ite of hers, someone who went where Hum- 
boldt had gone before, quite literally, when 
producing in situ the sketches for his great 
painting Heart of the Andes (1859). 

From the start of Humboldtianism in 
the United States, antebellum Americans 
constructed various Humboldts, the great 
explorer-naturalist being appropriated by dif- 
ferent political camps. North- 
ern Whigs stressed Humboldt’s 
view that “all [races] are alike 
designed for freedom.” In con- 
trast, Southern Jacksonian 
Democrats interpreted Hum- 
boldt’s “global and egalitar- 
ian cosmopolitanism through 
a nationalistic and racist lens.” 
Moreover, in both North and 
South, Humboldt—who never 
mentioned “God” in his Cosmos—tequired 
reframing for Christian, Puritan purposes. 
His sublimely heroic landscapes needed to 
be translated into “religious assertions of 
the presence of God in wild nature.” Fur- 
thermore, Humboldtian scenery had to be 
nationalized to represent “an idyll of colo- 
nial civilization” that showed none of the 
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inhumanity of the wilderness nor the ram- 
pant deforestation that shook Thoreau. But, 
as Walls notes in discussing the writer and 
naturalist Susan Fenimore Cooper, “[t]he 
true passage to Cosmos is not found, but 
forged.” This forging was carried out by 
“Humboldt’s American children,” promi- 
nently among them the environmentalists 
John Muir and George Perkins Marsh. And 
Walls does her own forging, too. 

By recovering the excitement of Hum- 
boldtian explorations and travel experiences, 
Walls wins back Humboldt for the 21st cen- 
tury. Through her account, he joins forces 
with present-day heroes such as Edward O. 
Wilson and his Cosmos of a sort, Consilience 
(4), all of them reorienting and transform- 
ing disciplines and divisions that threaten “to 
leach the poetry out of our technologically 
driven lives.” Walls reclaims for the present 
a man whose personality and work had a for- 
mative influence on the cultural landscape of 


BROWSINGS 


antebellum America and whose legacy may 
to good effect be used in addressing current 
affairs. I recommend The Passage to Cosmos 
as a fine piece of Humboldt scholarship, a 
heartfelt plea for environmental holism, and 
an enjoyable read. 
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Alexander von Humboldt and the Botanical Exploration of the Americas. 

H. Walter Lack. Prestel, Munich, 2009. 280 pp. $185, £125. ISBN 9783791341422. 

Although “botany was never the real focus of Humboldt’s interests,” his 1799-1804 travels with 
Aimé Bonpland made an enormous contribution to the recording of plant diversity. Humboldt and 
his collaborators described and named hundreds of plant species from the northern Andes, Mexico, 
and Cuba. (Although several 18th-century Spanish expeditions had also collected many of these, their 
findings long remained unpublished.) Lack offers a short account of this research, highlighting links 
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between the 19 volumes of “Partie 
6: Botanique” of Voyage aux régions 
é€quinoxiales du Nouveau Continent 
and the underlying letters, field 
notes, herbarium specimens, draw- 
ings, and botanical prints. The au- 
thor notes that Bonpland carried out 
most of the actual botanical work 
in the field but once back in Paris 
failed to complete the two major 
texts he started. Humboldt then 
recruited Carl Sigismund Kunth and 
a small team of researchers, artists, 
engravers, and printers who saw the 
work through to publication. Lack 
stresses Humboldt’s organizational 
talents and the modern aspects of 
his methodology: careful number- 
ing of specimens, preservation of 
notebooks, production of illustra- 
tions, and deposition of specimens 
in prominent public institutions. The 
richly illustrated volume includes a 
selection of 82 full-color plates from 
“Partie 6” (such as Acineta superba, 
an epiphytic orchid Humboldt and 
Bonpland collected from cloudforest 
in Ecuador). 
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Icons of Early 
Conservation Biology 


Jared Farmer 


he U.S. Fish and Wildlife Service’s 
| May 2008 listing of the polar bear (/) 
in Alaska as a threatened species was a 
politically and emotionally charged moment. 
Environmentalists had worked hard to turn 
the already-iconic bear into a symbol of 
global warming. As part of the species recov- 
ery plan, the government will continue to cen- 
sus bear populations. As historian Mark Bar- 
row shows, politically motivated inventories 
of wildlife long predate the Endangered Spe- 
cies Act and the dis- 
cipline of conserva- 
tion biology. Natures 
Ghosts is essentially 
a chronicle of proto- 
professional scien- 
tists making lists of 
threatened totemic 
species. 

By using in the 
subtitle from the Age 
of Jefferson instead 
of “the Age of Cuvier” or “the Age of Geol- 
ogy,” Barrow (a professor at Virginia Tech) 
unapologetically announces his American 
bias. His nationalist perspective allows him 
to draw a simple narrative arc: At the time of 
the founding of the U.S. republic, American 
naturalists, including Thomas Jefferson, did 
not believe in the possibility of extinction, for 
it seemed to violate the economy of nature. 
Two centuries later, the United States passed 
the world’s gold-standard law for protect- 
ing species from extinction. What happened 
between? No single book could explain it 
all, and Barrow doesn’t try. Nature's Ghosts 
skimps on cultural, economic, and political 
analysis. Instead, the book means to restore 
the stature of the U.S. naturalists who created 
the concept of endangered species. 

Barrow’s narrative begins with a quick 
summary of the geologists, paleontolo- 
gists, and comparative anatomists in Europe 
who established the reality of extinction. 
The original icon of prehistoric extinction 
was the American mastodon. Thinking for- 
ward in time, Cuvier and Lyell posited that 
human-caused extinction was possible, 
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even inevitable, and potentially regrettable, 
but not unnatural. Finally, in the 1830s and 
1840s, investigations into the histories of 
three kinds of flightless birds—the dodo, the 
moa family, and the great auk—proved that 
humans could in fact eliminate whole spe- 
cies. Of these, the auk is most important to 
Barrow’s story because it was the first spe- 
cies to die in front of naturalists’ eyes— 
or their gunsights. Various collectors and 
museums vied for the final specimens. 

It was, however, the dramatic, continental 
declines of the American bison and the pas- 
senger pigeon in the late 19th century that 
turned U.S. naturalists into conservation- 
ists. For example, the American Bison Soci- 
ety began a captive breeding program at the 
Bronx Zoo to save the shaggy national sym- 
bol. Propagation of passenger pigeons proved 
much harder, and the final two birds—a child- 
less pair named George and Martha Washing- 
ton—died in the Cincinnati Zoo. 

In the first half of the 20th century, U.S. 
naturalists enlarged their scope of concern. 
They looked beyond the nation’s borders— 
first to the big-game country of Africa, then to 
the Galapagos Islands. Naturalists promoted 
the passage of the Western Hemisphere Con- 
vention in 1940 and the creation of the Inter- 
national Union for the Protection of Nature 
in 1948. In the same era, they added preda- 
tors and scavengers to the list of mammals 
and birds worthy of attention and preservation. 
Under the influence of the new discipline 
of ecology, naturalists began to inventory 
endangered habitats instead of just hunting 
and mounting, capturing and breeding. 

In the pre—World War II era, naturalists 
and ecologists could not apply for govern- 
ment grants to conduct their baseline studies. 
Institutional support then largely came from 
privately endowed natural history museums 
and conservation groups. The Audubon Soci- 
ety, for example, sponsored graduate fellow- 
ships, including one that produced the first 
documentation of the last days of a doomed 
population (the heath hen). On a larger scale, 
the American Committee for International 
Wildlife Protection bankrolled three semi- 
nal inventories of the world’s endangered and 
extinct animals. 

Barrow heroizes the work of these politi- 
cally engaged inventory makers. He gives 
numerous capsule biographies of natural- 
ists such as Carl Koford, who conducted the 
first life history of the California condor, 
and James T. Tanner, who did the same for 
the ivory-billed woodpecker. He celebrates 
an era when biologists—almost all of them 
men—camped in the field. These scientists 
performed no lab work, no applied mathe- 


matics, no computer modeling. In Barrow’s 
telling, their greatest tool was their “power- 
ful emotional response” to wildlife, their 
“deep sense of connection” to nature. After 
World War II, naturalists found a home in 
new nongovernmental organizations like the 
World Wildlife Fund and enlarged agencies 
like the U.S. Fish and Wildlife Service. Not 
until Michael Soulé’s generation did “indoor 
biologists” within academia try to recover 
the American naturalist tradition—a move 
applauded by Barrow, who locates the roots 
of conservation biology in natural history. 

The author’s admiration for his biographi- 
cal subjects creates problems. In passing, he 
provides evidence that many of his players 
were racists, but he fails to discuss the deep 
connections between Progressive-era wild- 
life conservation and nativism and eugenics 
(2). This is a significant omission because 
eugenicists worked against another kind of 
“extinction”—the threatened status of the 
“Nordic race” in America. 

Barrow misses other opportunities to 
contextualize the concept of extinction. He 
says nothing about the enthusiasm for dino- 
saurs that has marked America culture since 
the 1890s—a phenomenon that has changed 
the way people think about mass extinction 
events. He grants just one throwaway para- 
graph to Paul Martin’s hugely influential 
Pleistocene overkill hypothesis (3). Lastly, 
the author’s decision to exclude plants from 
his book means that the reader doesn’t learn 
about the sustained efforts to save the giant 


Icon of extinction. When Martha, the last 
known passenger pigeon, died on 1 Sep- 
tember 1914, her body was rushed to the 
Smithsonian Institution, where it was long 
displayed as a warning that even a species 
whose population numbered in the billions 
could fall victim to humans. 


sequoia—an American symbol linked 
to the mastodon in 19th-century popu- 
lar culture, a species long thought to be 
an evolutionary relict doomed to nat- 
ural extinction and in danger of hu- 
man-caused extinction. 

Nonetheless, Barrow has produced 
something noteworthy—the definitive 
prehistory of conservation biology in 
America. The book is especially strong 
in its treatment of the underappreciated 
cohort of field biologists between Wil- 
liam T. Hornaday and Aldo Leopold. 

Overall, Nature s Ghosts is rousing 
and depressing. Despite great changes 
in US. attitudes about nature, Amer- 
icans still care more about charismatic 
megafauna than lowly, ugly creatures. 
Although the original wording of the En- 
dangered Species Act was surprisingly 
sweeping, in application it has been some- 
thing else. As famously shown by the snail 
darter court case, not all threatened beings 
are created equal. Ironically, the narrative 
of Nature's 
Ghosts replicates the popular disregard for 
certain classes of life. Pigeons were not, 
after all, the only species that darkened the 
American sky with awesome flocks. There 
was also the Rocky Mountain locust—a once- 
prodigious species that went extinct about the 
same time without any fuss or expression of 
human regret (4). How many people feel a 
deep sense of connection to grasshoppers? 
Barrow’s naturalists made no comment about 
this extinction event, and neither does he. 
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HEALTH CARE POLICY 


Reforming Off-Label Promotion to 
Enhance Orphan Disease Treatment 


Bryan A. Liang'2* and Tim Mackey' 


nce the U.S. Food and Drug Admin- 
() eres (FDA) approves uses for 

new drugs, physicians are free to 
prescribe them for any clinical condition 
they see fit (/). Promotion (by manufactur- 
ers) and patient use (guided by clinicians) for 
any indication, population, dosage, adminis- 
tration, or treatment duration other than that 
approved by a country’s regulatory authority 
is deemed “off-label” (2). Such use is highly 
prevalent; 21% of all prescription drug use, 
and up to 83% for certain diseases and drugs, 
are off-label (3). 

Off-label prescribing allows physicians to 
innovate with treatments based on emerging 
clinical data (4). They can monitor individual 
patients to assess what newer, unapproved 
treatments are beneficial (5). But many phy- 
sicians lack knowledge about rare diseases, 
leaving patients without a definitive diag- 
nosis or treatment (6). This occurs despite 
efforts to disseminate rare disease informa- 
tion, including accurate diagnosis and treat- 
ments (7, 8). In addition, the ad hoc nature of 
off-label regulation, knowledge, and drug use 
may constitute human experimentation with- 
out informed consent. Off-label promotion 
can present clear patient safety risks, such 
as efforts to market Zyprexa (olanzapine) 
for dementia treatment in the elderly (9). But 
carboplatin, FDA-approved for adult cancer 
treatment, is appropriately used (under evi- 
dence-based medical assessments) off-label 
for children (/0). 

Drug manufacturers have little incentive 
to seek FDA approval for orphan diseases 
(defined in the United States as affecting 
<200,000 patients) because of the generally 
low return on investment, despite some well- 
known treatments such as epoetin. So off- 
label drug use may be the only means to pro- 
vide effective treatment. Indeed, up to 90% of 
drug use for rare conditions is off-label (//). 
Yet off-label access to drugs by orphan disease 
patients is inconsistent (/2—/4). Although 


‘Unstitute of Health Law Studies, California Western School 
of Law, San Diego, CA 92101, USA. *Department of Anes- 
thesiology, San Diego Center for Patient Safety, University 
of California, San Diego School of Medicine, San Diego, 
CA 92103, USA. 


*Author for correspondence. E-mail: baliang@alum.mit. 
edu 


FDA may provide exceptions regarding 
access, stakeholders have indicated a need 
for reform (2-15). A systemic approach 
is essential to better serve these patients. 
Permitting appropriate off-label drug 
promotion for orphan disease treatment 
can accomplish this goal. 


Orphan Drug Act 

Under the 1983 Orphan Drug Act (ODA) 
(Public Law 97-414), FDA reviews and 
approves manufacturer applications for 
orphan designations (46). Other countries 
have similar laws (/7). If approved, com- 
panies are eligible for incentives, includ 
ing 7-year market exclusivity (1.e., 
no drug sales by a competitor); tax 
credits for clinical trial costs; fed 
eral grants to support clinical test 

ing of rare disease treatments; 
exemption from FDA 
user fees; and expedited 
review of orphan drugs 
treating life-threatening 
diseases ( /6). 

Although ODA has 
arguably provided treat 
ment for some rare disease 
patients, concerns remain. 
Market exclusivity and 
high prices limit access to 
orphan drugs (8). ODA’s 
effectiveness in encouraging 
orphan disease drug develop 
ment has also been questioned ( /8). Only 
300 approvals for orphan disease indications 
have been made since ODA enactment, out 
of an identified 6800 rare diseases (4) 
(table S1). Up to 20 million US. orphan 
disease patients do not have access to 
treatments because of limited physician 
knowledge and/or drug manufacturer in- 
vestment ( /4). 


Regulatory Confusion and Evolution 

The Food, Drug, and Cosmetic Act [21 
U.S. Code (U.S.C.) Ch. 9] (which 
authorizes FDA to oversee drug safety) 
prohibits drug manufacturers from 
promoting, marketing, or labeling for 
off-label uses. However, these prohib- 
itions do not extend to medical practice ( 
29), which results in confusion about off- 


Allowing off-label promotion by drug 
companies may improve access to key 
treatments for orphan disease patients. 


1990s, drug companies attempted indirect 
means to promote off-label use by distrib- 
uting scientific literature and funding con- 
tinuing medical education (19). FDA issued 
guidance documents attempting to regulate 
these activities (20, 2/), but a court ruled 
these violated commercial free speech pro- 
tections (19). 

Shortly thereafter, the 1997 FDA Mod- 
ernization Act (Public Law 105-115) permit- 
ted, for the first time, some off-label activities 
(5). It required manufacturers to apply for 
approval of off-label uses through a supple- 
mental new drug application (SNDA); they 

could market off-label while indicat- 
ing a pending sNDA review. It lim- 
ited materials to be given to phy- 
sicians (i.e., only peer-reviewed 
articles submitted to support 
the sNDA application) and 
disclosure that they were 
not FDA “approved or 
cleared” (5). 

Recent FDA guid- 
ance is more permis- 
sive (22). The policy no 
longer limits manufac- 
turers to disseminating 
only those materials filed 

with the sNDA, nor does 
it require that FDA review 
those materials (23). How- 
ever, concerns regarding selective 
publication, data manipulation and omis- 
sion, and ghostwriting have raised concerns 
regarding whether this new policy will pro- 
tect public health (22). 

Physicians must be able to extend use of 
approved drugs to orphan conditions and 
patients, particularly where no other alterna- 
tive is approved. This requires greater educa- 
tion of providers and patients, improved patient 
access and consent, and, critically, a policy 
infrastructure that yields information on drug 
effects and provides for risk management and 
pharmacovigilance for patient safety. To reach 
these goals, we suggest the following. 

Manufacturer application. Manufactur- 
ers would apply for authorization to promote 
off-label uses directly to physicians through 
an application similar to an ODA request for 
orphan designation. This application would 
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include rare disease treated, disease preva- 
lence, biological rationale for the drug’s use, 
drug regulatory and marketing status and his- 
tory, drug safety or efficacy data for the orphan 
disease, promotional materials for FDA review 
and approval, risk-management and pharma- 
covigilance plan for monitoring and report- 
ing off-label use effects, and attestation that 
promotion would not be false or misleading 
and that all materials would be peer-reviewed 
and FDA-approved before use. An applica- 
tion could be rejected or additional informa- 
tion required if FDA determined the risk ver- 
sus benefit unacceptable or supporting evi- 
dence insufficient. This application would be 
updated when additional clinical information 
became available. Fraudulent materials would 
subject the applicant to federal fraud claims 
and patient tort suits if they are injured. 

Patient base. Authorized off-label promo- 
tion would be limited to a fraction of the rare 
disease population, such as 4000 patients 
often required for standard FDA drug approval. 
If off-label prescribing exceeded this thresh- 
old, the manufacturer would be required to 
file a sNDA to continue any off-label promo- 
tion. Patients could still gain access through 
other, albeit cumbersome, FDA programs 
such as compassionate use, or existing low- 
cost or no-cost drug programs (24). 

Drug monitoring. Similar to FDA- 
restricted distribution programs for high- 
risk drugs such as Tysabri (natalizumab) in 
Crohn’s disease, FDA would establish effi- 
cacy parameters, and all patients and physi- 
cians participating in the off-label program 
would enroll in risk-assessment programs 
and would agree to extensive education and 
monitoring guidelines (25). A mandated effi- 
cacy assessment (after a defined time, based 
on the specific drug) would be established 
to collect data on clinical effectiveness and 
adverse events using enhanced data detec- 
tion techniques as employed in the European 
Union (EU) for biosimilars (24). Updated 
off-label program data would be listed on a 
public Web site similar to clinicaltrials.gov 
(e.g., offlabeldrugs.gov). 

The manufacturer would be responsi- 
ble for an approved risk-management and 
pharmacovigilance plan to detect and report 
adverse events associated with off-label use. 
This approach is consistent with extensive 
monitoring guidelines that have been suc- 
cessful in other, similar contexts (24). 

Funding. Given the financial benefits 
they would likely realize from off-label pro- 
motion, manufacturers would support this 
program by paying user fees for FDA review 
(but discounted compared with fees required 
for full New Drug Application review). 


Program Benefits 

The enrollment, risk-management, and phar- 
macovigilance mandates will ensure proper 
drug study and monitoring. Provider knowl- 
edge and patient informed consent are bet- 
ter addressed than in the current haphazard 
system, which may rely on limited physician 
knowledge and disparate sources of informa- 
tion (14). Indeed, under the program, physi- 
cians, professional societies, patients, and 
advocacy groups would have access to orga- 
nized data and drug information. Generated 
data could be a basis for FDA assessment of 
warnings and use limits of these drugs, as well 
as more efficient identification of drugs that 
need further testing. Grant funding for clini- 
cal research would promote development of 
a knowledge base of off-label uses in orphan 
disease populations, again to the benefit of 
provider knowledge and patient informed 
consent. This program will also provide an 
expanded opportunity to study these drugs 
and orphan diseases, a particularly chal- 
lenging area for physician-scientists (14). 
Organized manufacturer monitoring and 
adverse-event reporting would allow FDA 
to more proactively to enact drug-safety 
measures if needed. 

Appropriate off-label promotion and 
information-sharing for orphan diseases, 
by promoting and expanding the systematic 
collection of and access to data, could also 
increase the potential that reimbursement 
for off-label use would be approved by pub- 
lic programs. This could lead to lower patient 
costs and increased access, as has occurred in 
the Medicare program for cancer drugs (26). 

Drug manufacturers would also benefit, 
including small companies that have devel- 
oped many of these drugs but face substan- 
tial financial issues. They would be able, 
legally, to increase awareness of and access 
to these drugs. This would remove large bar- 
riers to investing in orphan drugs, both by 
reducing costs of entry due to discounted fees 
and increasing manufacturer revenues from 
drug sales. It could also lead to competition 
and to lower patient costs by facilitating mar- 
ket entry of additional manufacturers, since 
exclusivity incentives (as in the ODA) would 
not apply. Manufacturers whose unapproved, 
off-label drug use in the program that proved 
successful could subsequently also access 
ODA incentives and full market approval to 
maximize returns for these drugs, or clinical 
trials—oriented accelerated approval (/5). 

The themes of this proposal can serve 
as an approach for developed countries to 
address the problem of uneven access and 
regulation of off-label drug use in orphan dis- 
ease populations while improving efforts to 


monitor drug safety. For example, EU regu- 
lators can adapt the Committee for Orphan 
Medicinal Products (COMP) to serve as the 
prime off-label program authority. COMP 
would then coordinate drug review, monitor- 
ing, and oversight, by using established drug 
surveillance systems ( 24). 

Manufacturers’ obligations and market- 
ing content must be monitored to ensure 
program integrity. The policy and included 
drugs must be revisited so that stakeholders 
have up-to-date information. Through this 
system, better access, knowledge, and benefits 
of off-label drug use can inure to orphan 
disease populations. 
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BIOCHEMISTRY 


CO,mmon Sense 


Wolf B. Frommer 


lants and animals sense and 
Pessens to carbon dioxide 

(CO,), but the means by 
which they do so have not been 
well defined. Plants detect and 
respond to an increase in environ- 
mental CO, concentration by clos- 
ing the gas valves in their leaves 
(thus conserving water), but the 
CO, sensing mechanism has 
been debated. Fruit flies, mosqui- 
toes, and moths sense CO, to find 
food resources such as decaying 
fruits, human prey, and flowers, 
respectively, but as well, the sens- 
ing mechanisms are not yet fully 
characterized. Pressurized CO, is 
used in many food products, such 
as carbonated beverages, but it is Ne 


not clear how humans sense the Taste bud 
gas, nor what advantage this might 
serve. It is particularly interesting Acid signal 


that two recent studies have unrav- 
eled, independently, how organ- 
isms as diverse as plants and mam- 
mals sense CO,, and come up with 
a similar mechanism whose output 
triggers responses not previously 
linked to CO, detection (/, 2). 
Chandrashekar et al. (7) exam- 
ined how we experience CO, on 
our tongues—a combined physi- 
cal and chemical sensation. It 
turns out that the feel of fizz relies 
in part on the detection of CO, 
bubbles that stimulate somatosen- 
sory receptors on the tongue. CO, 
appears to provoke a taste response 
for acidity that we associate with 
carbonation. The authors first 
determined that CO,—induced 
action potentials occur in nerves that connect 
to taste receptor cells in the mouse tongue. 
When they analyzed the electrical activity 
of these nerves in mice lacking specific taste 
receptors, they made the surprising obser- 
vation that the response to CO, disappeared 
only if the sour sensor cells were missing. 
A survey of genes in the sour sensor cells 
revealed that a gene encoding a carbonic 
anhydrase was specifically expressed in these 
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Carbonic ~ 


CO,+ H,0 —— anhydrase H* + HCO, 


Transponder or senzyme? Carbonic anhydrase operates in CO, sensing in mam- 
mals (a-carbonic anhydrase at the cell surface) and plants (B-carbonic anhy- 
drases in the cytoplasm and chloroplast). In both cases, it is possible that an 
increase in protons and/or bicarbonate, and/or a decrease CO., are detected (two 
possible mechanisms are shown). As a transponder, the enzyme promotes the 
conversion of CO, and water into bicarbonate and protons, and the ultimate sig- 
nal that is sensed is either bicarbonate or acidification by protons. Alternatively, 
as a senzyme, the binding of CO, to the enzyme may cause a conformational 
change that is detected by a protein that connects to a signaling cascade. 


cells. Then they showed that the enzyme is 
essential for mice to detect CO,. 

Carbonic anhydrase is one of the most 
efficient enzymes known. It facilitates the 
interconversion of CO, and water to bicar- 
bonate and protons, with a turnover rate of 
up to 1 million CO, molecules per second. 
Chandrashekar et al. suggest that carbonic 
anhydrase—specifically, @-carbonic anhy- 
drase isoform 4 (CA4)—produces a local 
increase in protons in response to CO,. CA4 
is anchored at the surface of gustatory cells 
in the mammalian tongue, where it produces 
protons that may acidify the immediate extra- 


Stoma closure 


Anion channel activation 


Animals and plants use the same enzyme 
to detect carbon dioxide. 


cellular environment. The link 
between sour and CO, sensing 
implicates pH change as a key 
component of the CO, response 
(see the figure). If this is the case, 
then carbonic anhydrase is not a 
sensor in the strict sense, but a 
transponder that promotes the 
conversion of CO, and water into 
molecules that indirectly report 
CO,. One could argue that the 
two processes together create the 
CO, sensor, although any other 
mechanism that leads to a local 
proton concentration increase 
(acidification by compounds such 
as vinegar, for example) should 
lead to the same response. How 
the proton increase is detected 
remains a puzzle. 

Alternatively, carbonic anhy- 
drase may have a dual function 
as both enzyme and sensor (a 
“senzyme”), as has previously 
been suggested for hexokinase 
(3). Hexokinase phosphorylates 
glucose in the cytosol, but also 
senses and responds to glucose 
by entering the nucleus and bind- 
ing to DNA (promoters) to regu- 
late gene expression. Dual func- 
tionality has been found for many 
transporters, such as the plant 
transporter Chl1, which senses 
and transports nitrate (4). In the 
case of carbonic anhydrase, a 
conformational change of the 
enzyme upon binding of CO,, as 
described for B-carbonic anhy- 
drases (5), might be detected by a 
protein that couples to a signaling 
pathway. Analysis of mutants that lack enzy- 
matic function but retain the allosteric site 
may indicate whether carbonic anhydrases 
work as senzymes. 

The ability to sense CO, gas concentra- 
tions is also crucial for plants. Plants use 
atmospheric CO, and the Sun’s energy to 
build their biomass. They are covered with 
a cuticle that prevents water loss through 
their surface. Stomata—microscopic pores 
in the epidermis of leaves—act as controlled 
valves to take up CO, while limiting water 
loss. Thus, CO, is sensed by the plants to 
adjust the opening of these pores in response 
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to demand. CO, even controls the density of 
stomata; as a compensatory mechanism, their 
numbers increase if the concentration of CO, 
drops. Similar to animals, a major puzzle 
has been how plants sense CO,. Hu et al. (2) 
found that the carbonic anhydrases BCA1 and 
BCA4 in the model plant Arabidopsis thali- 
ana function in CO, sensing. Plants lacking 
the two enzymes were greatly impaired in 
their response to increases in atmospheric 
CO,, showing much less stomatal pore clo- 
sure. In contrast to the extracellular location 
of the mouse carbonic anhydrase, the plant 
enzymes are inside the cell, both adjacent to 
the cell membrane and inside chloroplasts. 
Thus, although the enzymatic function of 
the enzymes—as either transponder or sen- 
zyme—is conserved, the site of action is very 
different, implying that the sensing mecha- 
nism also may be different. Astonishingly, Hu 
et al. (2) found that expressing a structurally 
unrelated mammalian o1-carbonic anhydrase 
in Arabidopsis plants lacking carbonic anhy- 
drases restored CO, responsiveness. This 
supports the transponder hypothesis, as it is 


less probable that the downstream signaling 
machinery in the plant can function with this 
very different enzyme. 

A key element of stomatal closure is the 
efflux of ions. Hu et al. (2) further showed 
that intracellular bicarbonate released by 
carbonic anhydrase activates anion chan- 
nels in guard cells, allowing ions to efflux, 
thus triggering the closure of stomatal pores 
(see the figure). Plants overexpressing the 
B-carbonic anhydrases in guard cells also 
improved conservation of water, which sug- 
gests a possible means to engineer plants 
that use less water. 

Although plants and humans diverged 
about | billion years ago, they use simi- 
lar mechanisms to detect CO, sensing. Two 
main observations suggest that their com- 
mon sensing mechanism must have evolved 
independently. There is a striking difference 
in the cellular location of the enzymes. More- 
over, there are five classes of carbonic anhy- 
drase enzymes that are unrelated in protein 
sequence and structure; plants and animals 
express different family members (6). 


Why plants evolved this mechanism is 
obvious—they need to adjust the valves to 
optimize CO, uptake from the atmosphere 
while minimizing water loss. In humans, 
one may speculate that this mechanism was 
retained to help identify rotting food, and now 
serves mainly to identify carbonated drinks. 
The observation that carbonic anhydrase is 
also present in insect gustatory and olfac- 
tory cells and may cooperate with ionotropic 
receptors (ion channels that, when activated 
by a ligand, open and permit ion flow) may 
help to identify how insects and mammals use 
CO, sensors to discern food sources ( 7). 
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Explaining Bird Migration 


Olivier Gilg'? and Nigel G. Yoccoz? 


rctic shorebirds can travel tens of 

thousands of kilometers every year 

as they fly along intercontinental 
flyways from their southern wintering 
grounds to their remote, harsh breeding sites. 
How these birds solve the navigational and 
physiological constraints has been largely 
answered, but why they migrate is still a 
question with many possible answers (/). On 
page 326 of this issue, McKinnon et al. (2) 
present a continent-wide study that points 
to predation as a driving mechanism for 
migration. The study also elucidates the role 
of predation in shaping Arctic terrestrial 
biodiversity. 

For migration to be sustained in evolu- 
tionary terms, the associated costs and ben- 
efits must balance. The costs—higher ener- 
getic requirements and mortality risk— 
increase with flyway length and, hence, 
with latitude. The benefits of Arctic breed- 
ing grounds include open landscapes, per- 
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manent daylight, time-limited but abundant 
resources, limited competition, lower patho- 
gen loads, and lower predation pressure, 
but not all these benefits increase with lati- 
tude. For example, if Arctic migrants were 
just looking for rich and open habitats to be 
exploited under permanent daylight, they 
would stop in the low-Arctic zone, never 
reaching the northernmost regions in Green- 
land and Canada. Although other hypothe- 
ses still need to be properly tested (3), McK- 
innon et al. provide convincing evidence of 
lowered predation pressure the further north 
one gets. The authors focus on shorebirds, 
but their results might be relevant for other 
ground-nesting birds, because all their sites 
share a key predator in these ecosystems: the 
Arctic fox. 

The results also shed light on the domi- 
nant role played by predation in the func- 
tioning and structuring of Arctic terrestrial 
vertebrate communities. In this region more 
than anywhere else, populations are strongly 
impacted, and sometimes driven, by predator- 
prey interactions. The key pieces of this puz- 
zle are several species of Arctic lemmings, 
whose dynamics are typically cyclic. Lem- 


Predation pressure falls with increasing 
latitude, helping to explain why many birds 
migrate as far north as the high Arctic. 


ming densities depend on, but also deter- 
mine, the functional and numerical responses 
of predator species (mainly Arctic fox, snowy 
owl, jaegers, and small mustelids) (4). In turn, 
the 3- to 4-year lemming cycles strongly affect 
the dynamics of alternate prey, such as shore- 
birds and wildfowl, through indirect predator- 
prey interactions (5—7): In the low phase of 
the lemming cycle, the fraction of these alter- 
nate prey increases in the predators’ diets; in 
the peak phase, predators specialize on lem- 
mings and release their predation pressure on 
alternate prey. Surprisingly, the mechanisms 
behind latitudinal trends in predation pressure 
and the impact of lemming cyclic phases are 
not discussed by McKinnon et al. 

In this cat-and-mouse game, shore- 
birds are both impacting (by contributing 
to increase predators’ survival rates) and 
impacted by lemming-predator interactions. 
For the shorebird species that are most sen- 
sitive to predation, high predation pressure 
by the Arctic fox cannot be compensated by 
reproduction or survival. Viable populations 
of these species may hence occur only within 
the lemming distribution range, where the 
pressure imposed by the Arctic fox is regu- 
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larly released when lemmings are plentiful 
(8). Empirical data support this assumption: 
The highest diversity of Calidris species is 
found within the lemming distribution range 
(9), and some species (such as Sanderling and 
Knot) are absent outside of this range (see the 
figure). Using molecular tools to test for spa- 
tial and temporal synchrony in the postglacial 
expansion of lemmings, fox, and shorebirds, 
and measuring predation pressures on natural 
nests from different species and in different 
communities, should provide additional evi- 
dence for the hypothesis, overlooked in pre- 
vious research [such as (/0)], that shorebird 
biogeography can be explained by predator- 
prey interactions. 

During the 2007—2008 International Polar 
Year, many large-scale initiatives (//) stud- 
ied the importance of top-down processes 
such as changes in predation pressure versus 
bottom-up processes such as greening of veg- 
etation. The growing evidence that predation 
is a driving force in structuring Arctic eco- 
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systems, and the quality of these programs’ 
results, call for the continuation and exten- 
sion of such circumpolar networks. 

Climate change already affects many Arc- 
tic species (/2). Because these ecosystems 
are structured by only a handful of species, 
these changes immediately diffuse to lower 
and upper trophic levels through strong direct 
or indirect predator-prey interactions. Sci- 
entists in the Arctic must therefore increase 
their efforts in documenting and modeling 
changes in predator behavior and dynamics, 
including the species currently invading from 
the south (/3). 
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Follow the lemmings. Using 
artificial nests at several field 
sites in the Canadian Arctic 
(black dots), McKinnon et al. 
show that Arctic shorebirds face 
declining predation pressure 
toward the north (2), an impor- 
tant benefit for long-distance 
migrants whose biogeography 
should hence partly be driven by 
predator-prey interactions. The 
distribution ranges of several 
species support the latter hypoth- 
esis. In Svalbard and South and 
West Greenland, lemmings 
(light green) are absent and ter- 
restrial predators like the Arctic 
fox (light pink) impose a higher 
predation pressure on birds. 
The perfect mismatch between 
these lemming-free areas and 
the ranges of some high-Arctic 
shorebirds (upper panels) sup- 
ports such a predation-driven 
pattern and suggests that 
these species are more sensi- 
tive to predation than are spe- 
cies that can breed further south 
or within the entire distribution 
range of the Arctic fox (lower 
panels). Data are from (14-16) 
and additional regional sources 
(17-23). 
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Green Gold Catalysis 


Claus Hviid Christensen’ and Jens K. Nerskov2 


able chemical industry, there is an urgent 

need to discover and implement cleaner 
chemical transformations that should prefer- 
ably use only renewable resources as starting 
materials, and produce no hazardous waste at 
all. Thus, catalytic oxidations that use atmo- 
spheric air as the oxidant and form pure water 
as the only by-product are of utmost impor- 
tance. It is clear that catalysts featuring nano- 
meter-sized gold particles can play an impor- 
tant role in advancing such green oxidations 
(/). On page 319 of this issue, Wittstock et al. 
(2) take green gold catalysis one step closer 
toward industrial application. 

Methylformate, an important industrial 
chemical, is produced efficiently 
by low-temperature, aerobic oxi- 
dation of methanol through the 
use of an unsupported nano- 
porous gold catalyst prepared 
by controlled leaching of silver 
from a bulk gold-silver alloy. 
Wittstock etal. show how the cat- 
alytic performance is improved 
by the presence of residual sil- 
ver, but moreover, that such 
silver-promoted gold catalysts 
exhibit sufficient lifetime to be 
interesting industrially. 

Since the first reports of the 
spectacular performance of gold 
nanoparticles in the aerobic oxi- 
dation of carbon monoxide (3), 
efforts have been devoted to 
understanding the fundamen- 
tals of this surprising reactivity. 
Many possible explanations have 
been proposed (4), but one issue 
has continuously attracted most 
attention—the role of the sup- 
port. Gold nanoparticles are usu- 
ally supported on a high-surface 
area oxide, and it has been sug- 
gested that this oxide support 
plays an important role in the 
special properties of nanoparti- 
cle gold catalysts. Some suggest 


le the efforts to develop a more sustain- 
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that the support activates some of the reac- 
tants (5)—for example, O,—while others 
point to special chemical properties of the 
interface between the gold and the support 
(6), or to charge transfer to or from the sup- 
port to the gold (7). Wittstock et al. show that 
completely unsupported gold nanoparticles 
can carry out partial oxidation, thus support- 
ing the view that a hierarchy of effects is at 
play, where the size (or number of low-coor- 
dinated gold atoms) is the most important (8). 
Wittstock et al. suggest that most of the reac- 
tion takes place on the nanoporous gold while 
the silver promotes the O, dissociation (2), 
in agreement with calculations showing that 
O, dissociation is considerably more facile 


~~ 
Te 


cal: 


High-surface area gold catalysts exhibit 
promising properties suitable for industrial 
application. 


at low-coordinated silver atoms than at gold 
atoms (9). The reason for this difference is 
that the 4d shell of silver is considerably less 
extended in space than the gold 5d valence 
states, which leads to a weaker Pauli repul- 
sion between the surface and the adsorbing 
oxygen. This means that even a single silver 
atom can enhance the reactivity of gold atoms 
by providing reduced repulsion in proportion 
to the ratio of silver to gold atoms involved in 
the bonding. This is an example of interpola- 
tion of surface chemical properties between 
different elements in the periodic table (/0). 
Most studies on heterogeneous gold cata- 
lysts so far have concerned the aerobic oxi- 
dation of carbon monoxide. This particular 


O05 reactant 
an 


Green chemistry. The ultimate green catalytic oxidation process uses atmospheric air as the oxidant and forms water as 
the only by-product. This chemical transformation is achieved by use of an active and selective catalyst featuring suitably 
designed gold nanoparticles as the active ingredient. 
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reaction is primarily important as a model 
reaction, although it might eventually prove 
technically relevant in the purification of var- 
ious gas streams containing minor carbon 
monoxide impurities. However, during the 
last decade, more examples of aerobic oxida- 
tions of other substrates have been reported 
over gold nanoparticle catalysts (J). Sev- 
eral of these reports have targeted potentially 
interesting large-scale industrial chemicals, 
such as gluconic acid (/2), acetic acid (/3), 
and propylene oxide (/4). For such reactions, 
it is highly desirable to use air as the oxidant 
and have pure water as the only side product. 
With proper catalysts available that feature 
both high activity and selectivity, this can be 
considered the ultimate way to conduct oxi- 
dations (see the figure). Even though the gold 
catalysts have shown promising performance 


PLANT SCIENCE 


in these reactions, they have apparently not 
been competitive with existing technologies. 
Accordingly, some studies have attempted to 
improve the catalytic activity and selectivity— 
for example, by proper alloying (//) or by 
strategies to prolong the catalyst lifetime (/5). 
Wittstock et al. specifically show how silver 
alloying promotes oxygen activation, and how 
the unsupported, nanoporous gold catalysts are 
stable for prolonged test runs (2). It is tempting 
to assume that this type of catalyst could also 
prove beneficial in some of the aerobic oxida- 
tion reactions in which only supported pure 
gold catalysts have been tested until now. Pos- 
sibly, this will take green gold catalysis closer 
toward industrial applications. 
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The Botanical Solution for Malaria 


Wilbur K. Milhous' and Peter J. Weina2 


or thousands of years, Chinese herbal- 
ists used leaves from the plant Artemi- 


sia annua to treat numerous illnesses, 
including malaria. Today, the plant’s natural 
antimalarial compound—a sesquiterpene 
lactone (and endoperoxide) called artemisi- 
nin—is the most effective drug for combat- 
ing malarial infections (see the figure). A 
major hurdle in using this compound to treat 
malaria—estimated to cause 300 to 500 mil- 
lion cases and over | million deaths each year, 
worldwide—has been producing enough 
artemisinin to meet world demand. Attempts 
to efficiently extract sufficient quantities have 
been slowly improving. Now Graham et al. 
() have paved the way to fast-track breed- 
ing varieties of the A. annua plant with highly 
desirable genetic traits. On page 328 of this 
issue, the authors report a genetic map of the 
plant and identify key loci that could improve 
agricultural yields, decrease production costs, 
ensure a steady global supply of the drug, and 
improve grower confidence in the crop. 
Graham et al. recognized that the yield of 
artemisinin varied by geographic origin and 
was inheritable when the super leafy strains 
possessing bountiful glandular trichomes— 
outgrowth structures where artemisinin is pro- 
duced and stored by the plant—were crossed. 
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They used a pedigree plant (Artemis) to estab- 
lish the first genetic linkage and quantitative 
trait loci (QTL) maps for the plant species, 
and then validated positive QTL for artemisi- 
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Improved breeding of a plant that produces a 
major antimalarial compound is now possible 
based on knowledge of its genetic map. 


nin yield. The authors used deep sequencing 
of the plant transcriptome (all mRNA mol- 
ecules present in the organism) to success- 
fully identify genes and markers, which will 


Artemisinin 


Natural drug resource. The antimalarial compound artemisinin is purified from the plant Artemisia annua. 
Information about the plant’s genetic map should allow for breeding and selection of agronomic traits that 


will enable rapid development of improved varieties. 


VOL 327 


15 JANUARY 2010 


279 


PERSPECTIVES 


280 


facilitate crossing of highly productive vari- 
eties. Their results are innovative in terms of 
the scale of research and sophistication of the 
technologies involved. 

This seminal result comes almost 25 years 
after artemisinin crystals were first reported 
in 1985 by Klayman (2). This achievement 
was pivotal because it also broke a code, but a 
medicinal chemistry process code rather than 
a genetic one. Prior to this report, only Chi- 
nese scientists could crystallize the purified 
compound from the plant source. Unfortu- 
nately, they would not share their technology 
with the Western world at that time. 

Klayman assembled botanists from the 
Smithsonian Institute, and located a small 
naturally growing A. annua “crop” on the 
banks of the Potomac River. However, this 
discovery came at a low point for drug devel- 
opment at the Walter Reed Army Institute of 
Research, where scientists, including Klay- 
man, were struggling with a slimmed down 
research budget—reduced from over $70 
million (adjusted for inflation) per year dur- 
ing the Vietnam War era, to $4 million in the 
1980s. Ironically, during the same period, the 
Vietnam government asked China for the 
Qinghaosu (Chinese word for artemisinin) 
miracle to combat malaria that had become 
resistant to other drugs. Another shocking 
blow to the Walter Reed effort was the dis- 
covery of brainstem lesions in animal models 
during advanced preclinical toxicology test- 
ing of drug candidates (3). It would take years 
to unravel the mystery of this neurotoxicity. 
Millions of dollars were spent to prove an 


acceptable safety profile of the water-soluble 
forms of the compound, such as artesunate 
and artelinate, over the lipid-soluble forms 
such as artemether or arteether (4). Finally, 
in 2004, a regulatory dossier was filed with 
the U.S. Food and Drug Adminstration (FDA) 
and artesunate was made available to treat 
severe and complicated malaria in the United 
States (5). Just last year, the FDA approved 
an oral artemisinin combined therapy for less 
severe cases. 

The artemisinin yield from Klayman’s 
1985 Potomac River variety of A. annua was 
only 0.06% of dry weight of plant material, 
whereas the Chinese had described variet- 
ies in Sichuan province with yields of 0.01 to 
0.5% (2). Even the best of basic crop science, 
though, would not keep pace with the grow- 
ing global health demands and emerging 
resistance to the antimalarial mainstay, chlo- 
roquine. Solid financial backing and entre- 
preneurship by the Bill and Melinda Gates 
Foundation and the Medicines for Malaria 
Venture (an international public-private part- 
nership) would prevail with a three-pronged 
strategy extending into 2015: Develop syn- 
thetic artemisinin-like peroxides that are easy 
and inexpensive to make and lack potential 
cross resistance to other drugs, exploit micro- 
bial-based systems that promote synthesis of 
the artemisinin precursor for chemical con- 
version to the mature form, and use innova- 
tive horticulture technologies to boost plant 
robustness and production. However, these 
strategies have had variable success. While 
thousands of synthetic artemisinin com- 


pounds have been made and tested, only a 
select few have been stable, orally available, 
and efficacious in animal models (6). The 
Medicines for Malaria Venture prioritized the 
development of next-generation compounds 
(ozonides), however, initial clinical efficacy 
trials were disappointing, and efforts refo- 
cused on molecules with improved druglike 
properties (7). Production of recombinant 
artemisinin in bacterial and yeast systems 
have experienced success, but still require 
at least three synthetics steps to achieve the 
final product ( 8, 9). 

So far, the strategy that has produced the 
most promise for the near term, and will likely 
provide the most cost-effective final product 
of this life-saving drug, rests with innovative 
horticultural technologies. The result of Gra- 
ham etal. hasplacedusonthattrack. Thenext 
big hurdle for this molecule will be emerging 
resistance to the drug. 
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lon Chemistry Mediated 
by Water Networks 


Katrin R. Siefermann' and Bernd Abel” 


he remarkable properties of liquid 

water derive largely from its ability to 
form fluctuating networks of hydrogen 

bonds. However, even in the gas phase, where 
clusters of only a few water molecules may 
form, their sparse hydrogen-bonded networks 
may still absorb energy and stabilize reac- 
tants and products (/—3), stabilize intermedi- 
ates as catalysts (/), or act as reaction part- 
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ners. In the D region of the ionosphere (70 
to 85 km above Earth), the positively charged 
ions that form there, such as NO", can for- 
mally transfer charge to one water molecule 
and add an OH group to form a neutral spe- 
cies (such as HONO). The resulting proto- 
nated water networks (4—7) are regarded as 
the major positive-charge carrier in the D 
region, which is the lowest ionospheric layer 
that affects radio communications. On page 
308 of this issue, Relph et al. (8) report on a 
combined experimental and theoretical study 
that tries to unravel the relation between the 
hydrogen-bonding arrangement of a set of 


The reaction of ions such as NO* with networks 
of only a few water molecules has implications 
for understanding chemistry in the ionosphere. 


water molecules around an NO* ion and the 
chemical activity of this ensemble. Their 
results bear on a key open question: Are there 
particular water clusters that account for most 
of the reactivity? 

The key processes in this reaction 


NO*(H,O), + H,O — {(HONO) H*(H,0),} 
+ H‘(H,0),+HONO ~ (1) 


involve water clustering around the NO 


ap 
’ 


charge separation, and finally the elimina- 
tion of nitrous acid (HONO) and production 
of the H*(H,O), “cations” (reaction 1). NO* 
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is efficiently formed when NO is 
ionized by strong solar Lyman-a 
emission in the ultraviolet (wave- 
length of 121.7 nm). 

The rate of reaction | in the 
ionosphere depends crucially 
on the number of water mol- 
ecules (see the figure). For the 
reaction of NO* with just one 
water molecule, a substantial 
amount of energy (35 kcal/mol) 
must be added (6). This barrier 
is reduced for every added water 
molecule; the reaction is almost 
thermoneutral in the tetrahy- 
drate, and even exothermic for 
larger clusters. Large clusters 
can react quickly, but the prob- 
ability of their formation under 
atmospheric conditions is neg- 
ligibly small. The trade-off of 
reaction rates and cluster abun- 
dance suggests that the tri- and 
tetrahydrates may be the key 
species for HONO production. 

To explore this question, 
Relph et al. synthesized clusters 
of NO* with one to four water 
molecules in a supersonic expansion process 
that cooled the clusters to less than 5 K. This 
cooling allows infrared spectroscopy to be used 
to identify particular clusters, as it minimizes 
thermal broadening and blurring of spectral 
lines. High-level theoretical studies allow the 
spectra to be assigned to particular structures 
as well as changes caused by reactions. 

Relph et al. found that in the smallest clus- 
ters (1 and 2 in the figure), NO* did not even 
transfer charge to the water network. Of the 
three different isomers formed by the trihy- 
drate complex, only isomer 3-o (see the fig- 
ure) transfers charge to the water network, 
whereas the charge stays on NO" in isomers 
3-B and 3-y, which were unreactive. This result 
shows that reactivity is sensitive to the geo- 
metrical arrangement of the water molecules. 
Adding another water molecule to 3-a leads 
to structure 4-a and formation of HONO, 
whereas adding water to the other two isomers 
still does not transfer charge. Thus, Relph et 
al. observed cluster-specific reactivity under 
the conditions of their experiment. 

The keys to understanding the potential 
relevance of the species 3-0 to ionospheric 
chemistry are the degree ofits interconversion 
to form the other isomers, and the mechanism 
of the transformation step from 3-0 to 4-0 at 
the higher temperatures of the ionosphere, 
around 200 K (versus the low temperatures in 
the experiments and simulations). Energetic 
barriers may cause the interconversion of tri- 
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hydrate isomers (5), or of the “reactive” com- 
plex 4-c and the “unreactive” complex 4-8, to 
be slow. In the latter case, the rate will depend 
on whether the excess energy in 4- created 
by its collision or a recombination of 3-a with 
water can drive it over the barrier leading to 
the lower-energy isomer 4-f (5). 

Reaction | for the trihydrate in the atmo- 
sphere is surprisingly slow, occurring at about 
5% of the collision frequency (4, 9). The long- 
standing hypothesis explaining the bottle- 
neck of reaction | is that the reactive species 
involves an “appropriate” (6) high-energy clus- 
ter configuration to facilitate release of a pro- 
ton from a key, activated water molecule (4). It 
is tempting at first glance to simply assign the 
low-abundance isomer 3-0 as the critical high- 
energy species in reaction 1. At a temperature 
of 200 K in the D region of the ionosphere 
(/0), the calculated energy differences among 
the isomers in fact predict a low abundance of 
isomer 3-0 relative to 3-B and 3-y. 

However, the addition of water to 3-a to 
form 4-a is by no means a simple water mole- 
cule addition to a linear “polarized” NO*—water 
molecule chain (4, 6), nor a trivial one-step bar- 
rierless process, but rather an insertion reaction 
or adduct formation followed by an isomeriza- 
tion and subsequent reaction. If we exclude 
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Just add a little water. The stepwise for- 
mation of clusters observed by Relph et 
al. when NO* binds up to four water mol- 
ecules on its way to forming HONO. The 
interconversion (IC) of isomers likely is 
inhibited by energy barriers. Reactions 
such as these may bear on the chemistry 
of Earth's ionosphere. 


That is, the water molecule inserts 
into a hydrogen bond, adding its OH” 
group to NO* and donating its proton 
to the adjacent water molecule in the 
network. Only a concerted, one-step 
reaction may take advantage of the 
charge separation and geometry in 
the reactant cluster 3-c. Such a step 
may be accompanied with a barrier 
or at least a substantial “anisotropy 
factor”—despite being energetically 
favorable, the reaction proceeds only 
for a small fraction of orientations of 
the incoming water molecule with the 
cluster ( 3), and the overall rate 
constant drops. 

The work of Relph et a/. may be 
relevant for the understanding ofa key 
reaction in the ionosphere, but despite 
the beauty of the new results, it is pre 
mature to conclude that these isomer-specific 
reactions account for the observed ionospheric 
reactions. First, the species investigated exper- 
imentally and theoretically have their conform- 
ations virtually frozen both by very low tem- 
peratures and by the absence of collisions. We 
cannot be sure that interconversion processes 
are negligible at the higher temperatures and 
pressures of the ionosphere. The ionospheric 
reaction rate may still reflect the low forma- 
tion or reaction rates of even larger clusters. 
These questions will likely only be resolved by 
further studies at more realistic conditions that 
might be achieved, for example, in Laval nozzle 
expansions ( /). The interpretation of data 
from techniques such as double-resonance 
mass spectrometry would certainly be guided 
by the results of these model studies. 
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RETROSPECTIVE 


Paul A. Samuelson (1915-2009) 


Robert M. Solow 


he death of Paul A. Samu- 
| elson last month signals the 
end of an era in economics in 
two separate but related ways. First, 
as a precocious undergraduate at the 
University of Chicago and then as 
a graduate student and Junior Fel- 
low at Harvard University, he found 
economics to be a discursive, almost 
ruminative, discipline, even though 
its basic observables—prices and 
amounts of goods and services— 
were obviously ripe for systematic 
quantification. To his delight, he 
found that reformulation in standard 
mathematical terms led not only 
to great gains in clarity and transparency, 
but also to new analytical results, a broader 
scope for the discipline, and the uncovering 
of unifying principles that both simplified 
and deepened it. His work transformed the 
method, content, and whole atmosphere of 
economic research. 

Second, Samuelson sometimes described 
himself as “the last generalist” in econom- 
ics, and he was right. The unity that he dis- 
cerned enabled him to make fundamental 
contributions to theory—he was never a sys- 
tematic empiricist, although he was a con- 
stant observer of the current scene—across 
the whole spectrum of economics. The (even- 
tual) seven volumes of his Collected Scien- 
tific Papers include pathbreaking papers on 
consumer demand, capital and interest, busi- 
ness cycles, international trade, general equi- 
librium pricing, taxation, the logic of public 
expenditure, welfare economics, the fruit- 
ful “overlapping generations model,” dual- 
ity, stability, and finance, to mention only the 
easily classifiable part of his output. The very 
fertility of these papers in enabling and stim- 
ulating research by others has made it impos- 
sible for anyone again to duplicate Samuel- 
son’s staggering range. 

Paul Samuelson was born in Gary, Indi- 
ana, in 1915. His academic path led to joining 
the faculty of the Massachusetts Institute of 
Technology (MIT) in 1940, where he helped 
to forge a powerful economics department, 
and where he stayed until retirement in 1985. 
His earliest methodological and substantive 
discoveries were summed up in the Founda- 
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tions of Economic Analysis (1947) that had 
served as his 1944 Ph.D. thesis. Some of the 
material had appeared in articles as early as 
1937. But it was this book that carried the 
message to succeeding generations of econo- 
mists, and it was the main work cited by the 
Swedish Academy of Science in awarding 
him the second Nobel Prize in economics in 
1970 (the first was shared by Ragnar Frisch 
and Jan Tinbergen, also pioneers of the math- 
ematical approach). For my cohort of econ- 
omists, it was the Foundations of Economic 
Analysis that taught us what serious econom- 
ics really was. 

In Samuelson’s revolutionary view, eco- 
nomic theory had three parts, beginning 
with the natural presumption that decision- 
makers (so-called actors), whether families, 
firms, or other, could maximize or minimize 
something—cost, income, wealth, profit, 
subjective well-being—if they were limited 
by legal, technological, budgetary, or other 
specified constraints. He was not preoccu- 
pied with what any given actor was trying 
to optimize, nor was he concerned with the 
specific constraints on behavior. According 
to his method of analysis—which did accom- 
modate those concerns—the outcome of indi- 
vidual attempts to optimize a situation would 
define behavior rules for actors. 

The second step in the Samuelson model 
was to define and impose the relevant condi- 
tions of equilibrium, the prototype being that 
supply should equal demand in each market. 
For some important sorts of markets, the equi- 
librium conditions might have to be different. 
The important thing was to define a rest point, 
and calculate in principle the prices and quan- 
tities at that rest point. 


A major figure in international economics laid 
the foundation for modern economics and 
transformed the atmosphere of economic study. 


The third step was to ask and, in the 
abstract, answer questions like the follow- 
ing: Suppose something in the environ- 
ment—normally, a parameter of one of the 
constraints, like a tax rate or a resource limit, 
or a characteristic of the technology—were 
to change. How would the equilibrium con- 
figuration change and how would the equi- 
librium prices and quantities change? Above 
all, are there general qualitative answers to 
those questions? 

Foundations of Economic Analysis also 
directed attention to questions of dynam- 
ics for the first time. If an equilibrium is dis- 
turbed, in the sense that actors are moved 
away from their optima, and prices and quan- 
tities are moved away from their equilibrium 
values, would the natural behavioral rules of 
adjustment drive them back toward, or away 
from, the equilibrium configuration? An 
unstable equilibrium in this sense is likely to 
be ephemeral. Ever since he drew attention to 
dynamics, a large part of economics has fol- 
lowed this general pattern. 

Samuelson’s famous elementary textbook, 
Economics: An Introductory Analysis (1948), 
was for many years the best seller in the field, 
went through several editions, and was much 
imitated. It transformed undergraduate teach- 
ing in ways consistent with Foundations. The 
textbooks I read in 1940 were dense with 
imprecise prose. If they stimulated anything, 
it was along the uninspiring lines of “on the 
one hand/on the other hand.” After Samu- 
elson, the elementary student was taught to 
deal with data (real and hypothetical), ana- 
lyze them by diagrammatic methods or with 
simple equations, and use economic prin- 
ciples to answer concrete questions: What 
would you expect to happen if...? Problem 
sets replaced essay questions. And all of this 
was presented in lively prose and with up-to- 
date references. 

The young Samuelson was famous as an 
enfant terrible, likely to examine his examin- 
ers, and not give passing grades. He matured 
into a much loved enfant terrible emeritus, a 
public figure and adviser to several U.S. presi- 
dents, a gold mine for first-class graduate stu- 
dents, and the standard-bearer whose extraordi- 
nary talents enabled the economics department 
at MIT to develop from a nondescript service 
department to the world’s best. He was produc- 
ing new ideas into his 94th and last year. 

10.1126/science.1186205 
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INTRODUCTION 


Recognizing the 
First Responders 


2009 MARKED THE 20TH ANNIVERSARY OF CHARLES JANEWAY’S SEMINAL HYPOTHESIS 
that the body’s response to infection is mediated by receptors on immune cells that 
recognize microbial patterns. Before this, immunologists primarily studied T and 
B lymphocytes, which express highly specific antigen receptors, but Janeway’s 
prediction that direct microbial detection by immune cells other than lymphocytes 
precedes and is required for subsequent lymphocyte activation helped open the 
door to a new field of immunology: the study of the innate immune system. Much 
work over the past 20 years has borne out Janeway’s predictions, and the funda- 
mental importance of the innate immune system is now well established. 

The collection of articles in this issue encompasses both the primary focus of 
the field over the past two decades—the molecular dissection of microbial recog- 
nition—and also more recent areas of interest, including the interaction between 
the innate and adaptive immune systems and the identification of noninfectious 
diseases associated with innate immune system function. A Perspective by 
Rehwinkel and Reis e Sousa (p. 284) discusses recent advances in the elucidation 
of how members of the RIG-I-like receptor family distinguish viral nucleic acids 
from the abundance of host nucleic acids present in an infected cell. The ability to 
specifically recognize viral nucleic acids is critical for proper immune responses 
to viral infection. Another family of microbial receptors, the NLRs, is discussed 
ina Review by Ting and colleagues (p. 286). These receptors have received a great 
deal of recent attention because of their role in the inflammatory protein complex 
termed the inflammasome; however, as Ting ef al. present, mounting evidence 
indicates that their inflammasome-independent functions may play an equally 
important role in the responses to pathogens by the innate immune system. 

How microbial recognition by the innate immune system couples to the acti- 
vation of T and B lymphocytes of the adaptive immune system is discussed in a 
Review by Iwasaki and Medzhitov (p. 291). This Review highlights the fact that 
we still have much to learn about this cooperation, particularly in cases when the 
microbes are being sensed within the cell. Although it is well recognized that the 
innate immune system is critical for responses to microbial insults, research has 
also emerged demonstrating that the innate immune system may play an unex- 
pected role in diseases not classically associated with the immune system. A Review 
by Schroder and colleagues (p. 296) explores one example: the role of the innate 
immune receptor NLRP3 in the metabolic diseases type 2 diabetes and gout. 

A collection of articles at Science Signaling (www.sciencemag.org/special/ 
immunity) highlights immune responses to pathogens, the mechanism of inter- 
leukin-1 signaling, and aspects of the control of the adaptive immune response 
by dendritic cells. 

Together, these articles highlight how far our understanding of the innate 
immune system has come in the past 20 years and suggest areas where the 
important discoveries of the next decades are likely to come. 

— KRISTEN L. MUELLER 
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Innate Immunity 


PERSPECTIVE 


RiGorous Detection: Exposing Virus 
Through RNA Sensing 


Jan Rehwinkel and Caetano Reis e Sousa* 


Virus infection in mammals elicits a variety of defense responses that are initiated by signals from 
virus-sensing receptors expressed by the host. These receptors include the ubiquitously expressed 
RIG-I-like receptor (RLR) family of RNA helicases. RLRs are cytoplasmic proteins that act in 
cell-intrinsic antiviral defense by recognizing RNAs indicative of virus presence. Here, we highlight 


recent progress in understanding how RLRs discriminate between the RNA content of healthy versus 


virus-infected cells, functioning as accurate sensors of virus invasion. 


iruses are obligate intracellular parasites 

that infect all organisms, from bacteria 

to humans. Their evolution represents a 
constant arms race with the host: Viruses need 
to reprogram host cells in order to produce progeny 
virus, but this is often successfully limited by the 
host antiviral defense, which in tum is frequently 
targeted by the virus, and so forth. Mammals 
possess the most multifaceted antiviral defense 
program. Their reaction to viral infection includes 
the rapid induction of antiviral proteins, natural 
killer cells, neutralizing antibodies and cytotoxic 
T cells. These immune responses are coordinated 
by signaling molecules, including the type I 
interferons (IFN-o and IFN-f) and the related 
type III IFN (IFN-A). All nucleated cells can 
synthesize IFNs in response to virus infection, 
which implies the existence of cell-intrinsic 
mechanisms for sensing viral presence. Some 
of these mechanisms have been identified recently 
and involve signaling for IFN gene transcription 
by members of the RIG-Hlike receptor (RLR) 
family of pattern recognition receptors in response 
to specific RNA “patterns” that are generated 
during virus infection (/). 

The RLR family has three members: retinoic acid 
inducible gene I (RIG-I), melanoma differentiation- 
associated gene 5 (MDAS), and laboratory of 
genetics and physiology 2 (LGP-2). These cyto- 
plasmic proteins all share a central DExD/H-box 
RNA helicase domain. RIG-I and MDAS also 
have two N-terminal caspase activation and recruit- 
ment domains (CARDs). CARDs allow for the 
interaction of activated RIG-I or MDAS with the 
adaptor protein mitochondrial antiviral signaling 
(MAVS, also known as IPS-1, VISA, and Cardif), 
which localizes to the outer mitochondrial mem- 
brane. MAVS relays the signal to kinases such as 
TANK-binding kinase 1 (TBK1) and IkB kinase € 
(IKKe), which in turn activate transcription factors, 
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including interferon response factor 3 (IRF-3), 
IRF-7, and nuclear factor «B (NF-«B), which 
coordinate IFN gene induction (/). As well as this 
pathway, a MAVS-independent function of RIG-I 
was recently described: RIG-I directly activates the 
inflammasome, a protein complex that cleaves pro- 
interleukin-1B (IL-1) into mature IL-1B, a pro- 
inflammatory cytokine (2). 

RIG-I is indispensable for IFN responses to 
many single-stranded RNA viruses. These in- 
clude negative-stranded viruses of the orthomyxo- 
virus (such as influenza A virus) and paramyxovirus 
(such as measles, mumps, and Sendai virus) families 
and positive-stranded viruses like hepatitis C or 
Japanese encephalitis viruses. That RIG-Ideficient 
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mice are highly susceptible to infection with these 
viruses underscores the importance of that RLR in 
antiviral defense. Similarly, MDAS is essential 
for protection from a different set of viruses, 
including picornaviruses (such as poliovirus and 
encephalomyocarditis virus). The largely non- 
overlapping pattern of virus susceptibility in 
mice deficient for either RLR implies that the 
two receptors possess distinct virus specificities, 
although some viruses can be dually recognized 
by either RIG-I or MDAS. Little is known about 
virus sensing by LGP2, which may instead primarily 
play a regulatory role (/). The virulence of some 
viruses, including some strains of influenza A 
virus (3), is due at least in part to a dysregulation 
of the innate immune response. Therefore, 
understanding how RLRs become activated 
may allow the development of new strategies 
for the containment of viral spread and preven- 
tion of disease, as well as help to understand the 
basic principles underlying self/virus innate 1m- 
mune discrimination. Here, we summarize the 
rapid progress made in the last few years toward 
defining ligands for RLRs (Fig. 1). 

Virus sensing is highly discriminative given 
that RLRs are localized in the cytoplasm, where 
host RNAs abound; yet, signaling occurs only 
in infected cells. Thus, for RLRs to be activated, 
they must detect RNA bearing a molecular 
pattern not found under normal conditions. Such 
patterns may be chemical modifications of RNA 
(or the absence of such modifications), specific 
secondary or tertiary RNA conformations, partic- 
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Fig. 1. Putative RIG-I ligands. RIG-I has been reported to be triggered experimentally by a variety of 
RNA agonists. 5’-PPP—bearing RNAs are shown in green, RNAs without 5’-PPPs in blue, and RNAs that 
may have different 5’-end characteristics in orange. An antagonist is shown in black. Activated RIG-I 
promotes the induction of interferons and other pro-inflammatory cytokines via the mitochondrial 
adaptor MAVS (bold red arrows). MAVS-dependent induction of pro-interleukin-18 allows it to be 
processed into mature interleukin-1f by the inflammasome, which can be directly activated by RIG-I in 


a MAVS-independent manner. 
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ular sequences, or the annealing of two comple- 
mentary RNA strands so as to form double-stranded 
RNA (dsRNA). Furthermore, the agonistic 
RNA may be of viral or cellular origin. Early 
studies demonstrated that RIG-I-dependent IFN 
production can be triggered by transfection of 
certain synthetic and natural RNAs into cells 
and provided the first insight into how RIG-I 
might discriminate virus from host RNA. These 
studies showed that RNA transcribed in vitro by 
phage polymerases (IVT-RNA) is a potent RIG-I 
agonist (4, 5). IVI-RNAs have an uncapped 5’- 
triphosphate (5'-PPP) that is required for their 
IFN-inducing activity. 5'-PPPs promote the 
binding of RIG-I (4, 5), activation of its 
adenosine triphosphatase (ATPase) activity, and 
conformational changes that allow RIG-I dimer- 
ization and exposure of CARDs for interaction 
with MAVS (6, 7). Furthermore, structural 
analysis indicates that the C terminus of RIG-I 
folds into a domain that recognizes uncapped 5’- 
PPPs on RNA (6, 7). This can explain why RIG-I 
does not respond to host cytoplasmic RNA because 
the latter lacks 5'-PPPs; for example, mRNAs are 
capped, and nuclear processing of ribosomal and 
tRNAs removes or modifies 5’-PPP groups 
before they reach the cytoplasm. 

Surprisingly, two recent studies report that 
chemically synthesized RNAs bearing 5’-PPP 
do not trigger RIG-I, whereas the same RNAs 
can do so when made by means of in vitro 
transcription (8, 9). This apparent contradiction 
can be explained by the fact that IVIT-RNA 
preparations often contain small amounts of 
unexpected RNA species. These include RNAs 
made in error by phage polymerases that switch 
from transcribing the DNA template to copying 
their own RNA product. When this occurs, the 
polymerase effectively extends the 3’ end of 
the RNA into a self-complementary molecule 
that folds into a hairpin. Only these hairpins, 
and other base-paired RNAs present in IVT- 
RNA preparations, act as agonists for RIG-I 
(8, 9). Furthermore, annealing of inert 5'-PPP 
RNA made through chemical synthesis to a 
complementary RNA oligonucleotide lacking 
5'-PPP restores RIG-I activation, particularly if 
a blunt end is formed (8, 9). These data in- 
dicate that base-pairing at the 5’-end of RNA, 
together with a 5'-PPP, is required for RIG-I 
activation. RIG-I can translocate on base-paired 
RNA, and this probably contributes to its sig- 
naling activity (/0). 

These findings are consistent with earlier 
observations that viral RNA genomes extracted 
from influenza A or rabies virus particles can 
trigger RIG-I (4, 5). Those viruses have a 5'- 
PPP-bearing RNA genome, and enzymatic 
removal of the 5’-PPP abolishes stimulatory 
activity (4, 5). Some viruses, such as Hantaan 
virus, Crimean-Congo hemorrhagic fever virus, 
and Borna disease virus, have genomes with 5'- 
monophosphate ends, and RNA extracted from 
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these virus particles does not activate RIG-I 
(11). The RNA genomes of influenza A, rabies, 
and other viruses that are recognized by RIG-I 
have complementary 5’ and 3’ ends and adopt a 
“panhandle” conformation (/2). Therefore, these 
RNAs provide the two features read by RIG-I: a 
5'-PPP and base-pairing at the 5’-end. It is worth 
remembering that base-paired does not mean 
double-stranded; by definition, dsRNA requires 
two (complementary) RNA molecules. However, 
the IVT-RNA hairpins and viral genomic RNAs 
that trigger RIG-I are single-stranded, even if 
they form intra-molecular base pairs. This 
distinction is important: The RNA genome of 
RIG-I-dependent viruses provides all features 
required for RIG-I activation in a linear RNA 
molecule without the need for viral replica- 
tion. We therefore suggest that the use of the 
term double-stranded be restricted to the situa- 
tion in which two complementary RNA mol- 
ecules anneal, such as after the replication of 
some viruses. 

As well as a secondary structure at the S’- 
PPP end, other properties of RNAs may also 
influence recognition by RIG-I. For example, incor- 
poration of modified bases such as pseudouridine— 
which are often found in cellular RNAs—into 
IVT-RNA decreases its stimulatory potential (5). 
A sequence motif in the 3’ nontranslated region 
of the hepatitis C virus genome was suggested 
to be required for RIG-I activation, together 
with the 5’-PPP end of the genome (/3). 
Surprisingly, some RNAs without 5'-PPPs have 
also been reported to trigger RIG-I. These 
include chemically synthesized dsRNA oligo- 
nucleotides as well as shortened forms of poly 
inosinic: polycytidylic acid (poly I:C), which 
is an analog of dsRNA (7, /4). Furthermore, 
products of host RNA cleavage by ribonucle- 
ase (RNase) L, which bear 5’-hydroxyl- and 
3'-monophosphate ends, were suggested to con- 
tribute to RIG-I activation (/5). Finally, phospho- 
rothioated single-stranded DNA oligonucleotides 
(containing a sulfur-substituted internucleotide 
bond) were recently identified as RIG-I antago- 
nists (16). 

Despite the wealth of information on the 
types of RNA that can activate RIG-I, the 
natural RIG-I agonist (or agonists) responsible 
for inducing IFN in virus-infected cells remains 
unclear. This is because all of the data identifying 
RIG-I stimulatory RNAs were obtained in non- 
physiological experimental settings, such as 
transfection of naked RNA into cells or in 
biochemical assays that measured RIG-I binding, 
ATPase activity, or conformational changes. Total 
RNA extracted from infected cells can trigger 
RIG-I (/4, 17); however, the specific agonist 
within such pools has not been identified. 
Candidates include viral genomes, viral tran- 
scripts, replication intermediates, or host RNA 
cleaved by RNase L. IFNs were originally 
discovered through the treatment of chicken cells 
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with high doses of heat-inactivated influenza A 
virus (/8). This treatment delivers viral RNA 
genomes to the cytosol in the absence of virus 
replication, suggesting that those genomes are 
sufficient to trigger RIG-I. Thus, RIG-I may act 
in infected cells primarily by sensing incoming 
viral genomes or ones generated during viral 
replication. 

Much less is known about the nature of the 
RNAs that act as agonists for MDAS. Poly I:C 
is prepared by annealing inosine and cytosine 
homopolymers that have 5’-diphosphate and 5’- 
monophosphate ends. Transfection of poly LC 
into cells triggers MDAS5-dependent IFN induc- 
tion, and a recent report shows that a minimum 
length of poly LC is required for efficient 
MDAS activation: Shortening poly I:C to 
around 1000 nucleotides or less is reported to 
convert it into a RIG-I agonist (/4). These 
observations have been interpreted to indicate 
that MDAS recognizes long dsRNA generated 
during infection. Indeed, dsRNA accumulates in 
cells infected with viruses that are recognized by 
MDAS (4, /4, 17). When we size-fractionated 
total RNA from cells infected with encephalo- 
myocarditis or vaccinia viruses, however, we 
found that only a high-molecular-weight RNA 
stimulated MDAS5 upon transfection into 
reporter cells (17). This RNA was larger than 
most of the dsRNA generated during infection 
and was composed of both single- and double- 
stranded portions, suggesting a weblike confor- 
mation (/7). Poly I:C may similarly adopt a 
branched structure given that the inosine and 
cytosine polymers have varying lengths. The 
definition of synthetic RNAs recognized by 
MDAS and the characterization of MDAS5 
agonists purified from infected cells will help 
elucidate how that RLR can discriminate virus 
from self RNA. 

An exciting recent development is the 
realization that the function of RLRs goes 
beyond the sensing of RNA viruses; they can 
also drive IFN responses to cytoplasmic DNA 
(19, 20). Infection with DNA viruses or some 
bacteria can deliver DNA to the cytoplasm, and 
this can be mimicked experimentally by trans- 
fection of the DNA polymer poly dA:dT. 
Although poly dA:dT cannot be sensed directly 
by RLRs, it is transcribed by cytosolic RNA 
polymerase III into an uncapped RNA that 
triggers RIG-I (/9, 20). Consistent with obser- 
vations using IVT-RNA or viral RNA genomes, 
5'-PPPs and base-pairing are both required for 
RIG-I activation via the RNA polymerase III 
pathway (/9, 20). This pathway appears to con- 
tribute to IFN induction during infection with 
the bacterium Legionella pneumophilia (20) and 
with DNA viruses such as adenovirus, herpes 
simplex virus, and Epstein-Barr virus (/9, 20). 
Vaccinia virus is another DNA virus that triggers 
RLRs, in this case by generating an RNA 
agonist for MDA5 (/7). 
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How do these findings illuminate the arms 
race between virus and host? In the case of 
negative-strand RNA virus-sensing (such as 
influenza A virus), RIG-I appears to recognize 
those features of the viral RNA genome that 
are indispensable for virus replication: The 5’- 
PPP end and the panhandle act as a promoter 
for the viral polymerase, and the virus cannot 
alter this pattern without sacrificing its own 
replication (12). Instead, viruses fight back by 
encoding proteins that inhibit RLRs or 
downstream signaling pathways. For example, 
influenza A virus can inhibit RIG-I by means 
of its NS1 protein, whereas hepatitis C virus 
cleaves MAVS off mitochondria (/). Much 
remains to be clarified as to how virus is 
sensed by the infected cell and how this is 
translated into an innate immune response. 
What beside IFN induction is regulated by 
RLR activation? What are the molecular 


patterns recognized by MDA5? What sensors 
detect cytoplasmic DNA (and how are they 
regulated at mitosis, when the nuclear envel- 
ope breaks down)? Do polymorphisms or 
mutations in RLRs and downstream adaptors 
affect human susceptibility to virus infection? 
Can aberrant activation of RLRs lead to 
detrimental autoreactive responses? Fifty years 
after the discovery of IFNs (/8), the struggle 
between virus and host is only just beginning to 
reveal its molecular secrets. 
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How the Noninflammasome NLRs 
Function in the Innate Immune System 


Jenny P. Y. Ting,?’23* Joseph A. Duncan,*”> Yu Lei?’ 


NLR (nucleotide-binding domain, leucine-rich repeat—containing) proteins have rapidly emerged as 
central regulators of immunity and inflammation with demonstrated relevance to human diseases. 
Much attention has focused on the ability of several NLRs to activate the inflammasome complex and 
drive proteolytic processing of inflammatory cytokines; however, NLRs also regulate important 
inflammasome-independent functions in the immune system. We discuss several of these functions, 
including the regulation of canonical and noncanonical NF-«B activation, mitogen-activated protein 
kinase activation, cytokine and chemokine production, antimicrobial reactive oxygen species produc- 
tion, type | interferon production, and ribonuclease L activity. We also explore the mechanistic basis 
of these functions and describe current challenges in the field. 


served gene families with structural sim- 

ilarity has led to the discovery of a large 
gene family (NLRs) encoding proteins with a 
characteristic arrangement of nucleotide-binding 
domain (NBD) and leucine-rich repeat (LRR) 
regions in both plants and animals. NLRs share 
structural similarity with a subgroup of plant dis- 
ease resistance (R) genes, which confer resistance 
to infection caused by fungal, viral, parasitic, and 
insect pathogens by inducing cell death of infected 
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cells (/). Among animals, NLR proteins are found 
in species as diverse as sea urchin and human (2). 

The most prominent function of NLRs is 
the intracellular sensing of structures shared 
by classes of microbes and endogenous mole- 
cules associated with inflammation, known as 
pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs), 
respectively. The precise mechanism by which 
this “sensing” occurs, however, remains a major 
challenge in the field (2). NLR proteins also have 
functions outside of the innate immune system, 
such as the regulation of cell death, or the reg- 
ulation of the major histocompatibility complex 
(MHC) to affect adaptive immunity. Many 
PAMPs and DAMPs that are sensed through 
NLR-dependent pathways result in the activa- 
tion of the inflammasome, a signaling complex 
composed of an NLR protein, the adaptor ASC 
(apoptotic speck—containing protein with a 
CARD), and procaspase-1, whose end result is 


the cleavage of the proinflammatory cytokines, 
interleukin (IL)-1B and IL-18. NLRs can also 
trigger inflammasome-independent pathways. 
We primarily focus on the role of noninflamma- 
some NLRs in innate immunity because data are 
converging to indicate that these NLRs can be 
categorized into functional subgroups that regu- 
late other crucial innate immune pathways, such 
as canonical and noncanonical nuclear factor 
«kB (NF-«B), mitogen-activated protein kinase 
(MAPK), type I interferon (IFN), cytokines, 
chemokines, and reactive oxygen species (ROS) 
as well as ribonuclease L (RNase L) activation. 

An underlying reason for the intense atten- 
tion paid to NLRs is their association with 
genetic immunologic disorders in humans. For 
example, mutations in the class IT MHC trans- 
activator (CIITA), the master activator of MHC 
class II gene transcription, result in immuno- 
deficiency. Mutations in nucleotide-binding 
oligomerization domain 2 gene (NOD2) are 
associated with susceptibility to Crohn’s disease 
(a type of inflammatory bowel disease) and 
Blau syndrome (a granulomatous inflammatory 
disorder). Mutations in the gene encoding 
NLRP3 (NLR family, pyrin domain—containing 
3) predispose patients to a variety of auto- 
inflammatory disorders. Association of NLRs with 
asthma, vitiligo (a disease characterized by patchy 
depigmentation of skin), and urticaria skin rash 
has also been shown. Thus, NLRs are important 
determinants of human inflammatory disorders, 
and an in-depth understanding of their molecular 
mechanisms of action is crucial to the develop- 
ment of targeted therapies. 


How Does Activation of NOD1 and NOD2 
Regulate Immunity in the Host? 

NOD1 and NOD2 were two of the first char- 
acterized members of the NLR family. Shortly 
after their identification, it was recognized that 
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several polymorphisms encoding nonconserv- 
ative amino acids or frameshift mutations in 
the LRR of NOD2 were found in some familial 
cases of Crohn’s disease. A different polymor- 
phism in the nucleotide-binding domain of NOD2 
was found to associate with Blau syndrome (3). 
Despite years of intensive research, however, 
the mechanism by which variant NOD2 proteins 
lead to the enhanced inflammation associated 
with Crohn’s disease remains enigmatic. There 
are at least three working models. The first posits 
that NOD2 is a positive regulator of immune 
defense, and defective NOD2 cannot contain 
pathogen infection (4). Indeed, several Crohn’s 
disease—associated NOD2 mutations confer 
impaired activation of the transcription factor 
NF-«B, whereas Blau syndrome-associated muta- 
tions lead to constitutive NF-«B activation (5). 
Nod2-deficient mice show a reduction in the level 
of antimicrobial a-defensins in Paneth cells of the 
intestine (4), consistent with samples from ileal 
Crohn’s disease patients indicating an association 
between the NOD2 variant genotype and reduced 
o-defensin (6). However, the association of NOD2 
mutation with o-defensin was not found by all (7). 
The second model suggests that NOD2 is 
protective against Crohn’s disease because it 
negatively regulates Toll-like receptor (TLR}- 
mediated responses to the intestinal bacterial 
flora. This model is supported by the analysis of 
a second Nod2-deficient mouse, which showed 
increased T helper 1—associated cytokine pro- 
duction and NF-«B activation in response to a 
TLR2 agonist (8). In support of this, TLR2 
ligand administration in control but not Nod2- 
deficient mice greatly reduced TLR2-induced 
inflammatory responses. TLR2 ligand delivery 
also reduced chemically induced colitis in a 
NOD-dependent fashion. Remarkably, reintro- 
duction of wild-type NOD2 into Nod2-deficient 
mice led to resistance to colitis (9). A third 
model hypothesizes that Crohn’s disease—associated 
NOD2 variants cause increased inflammatory 
response, because the replacement of Nod2 with 
a disease variant form resulted in elevated 
inflammatory responses, including enhanced 
IL-1 secretion and NF-«B activation in mice 
(10). Monocytes from Crohn’s disease patients 
homozygous for this allele, however, actually 
demonstrate impaired IL-1B secretion (//), which 
suggests the possibility of context-dependent, 
species-specific differences. Finally, recent work 
suggests that a different Crohn’s disease—associated 
mutation in NOD2 leads to a novel interaction 
between the mutant NOD2 and heterogeneous 
nuclear ribonucleoprotein Al (hnRNP A1). This 
interaction results in inhibition of hnRNP Al— 
mediated production of the anti-inflammatory 
cytokine IL-10 (/2). Interestingly, the interaction 
between mutant NOD2 and hnRNP Al was 
observed only with human NOD2 and the human 
IL-10 promoter but not the murine counterparts. 
The contribution of this novel inhibitory effect of 
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disease-associated NOD2 mutant protein to 
Crohn’s disease pathogenesis remains to be 
determined. 

Early studies sought to identify the PAMPs re- 
sponsible for activating NOD1 and NOD2. NOD1 
and NOD2 respond to the bacterial peptidoglycan— 
derived molecules meso-diaminopimelic acid 
(DAP) and muramyl! dipeptide (MDP), respective- 
ly (3, 13). NODI can also be activated by meso- 
lanthionine, another peptidoglycan-associated 
diamino-amino acid. N-glycolylated MDP, which 
is made by mycobacteria and actinomycetes, is 
substantially more potent in its ability to elicit 
NOD2-dependent activation of NF-«B than N- 
acylated MDP, generated by typical Gram-positive 
and Gram-negative bacteria (/4). Thus, NOD1 
and NOD2 are activated in response to a number 
of peptidoglycan-derived moieties stemming from 
a broad range of bacterial sources. Although NLR 
proteins are now frequently referred to as recep- 
tors, it is important to note that neither NOD1 nor 
NOD2 has been shown to directly interact with 
their activating peptidoglycans in a manner con- 
sistent with a pattern recognition receptor. The 
LRR domains of these proteins are required to 
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confer responsiveness to their respective stimuli, 
leading some to suggest that these domains either 
bind directly to the cognate peptidoglycan com- 
ponents or to other intracellular protein(s) that act 
as an intermediate between these bacterial pro- 
ducts and NOD1 or NOD2. 

Similar to other NLR molecules, NOD2 
signals by acting as a scaffold for the assembly 
of large multicomponent signaling complexes 
(Fig. 1). NOD2 induces multiple effector path- 
ways that are involved in the host response to 
microbial pathogens. The best-characterized ef- 
fector signaling pathway of NOD2 leads to ac- 
tivation of NF-«B through interactions with 
receptor interacting protein—2 (RIP2, also known 
as RICK or CARDIAK), a serine/threonine kinase 
(3). After MDP is internalized by phagocytosis or 
bacterial invasion of the cytoplasm, intracellular 
NOD2 translocates to the plasma membrane (/5). 
There, it associates with RIP2 through the homo- 
typic interactions of caspase activation and 
recruitment domains (CARDs), thereby allowing 
membrane translocation of RIP2. Rather than in- 
ducing NF-«B activation through RIP2-mediated 
phosphorylation of IkB kinase, the NOD2-RIP2 
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Fig. 1. NOD2 signaling bifurcates into antibacterial and antiviral effector arms. A model of NOD2 
signaling is presented in which NOD2 is bound to the chaperonin—ubiquitin ligase pair, HSP90 (heat 
shock protein 90) and SGT1 (suppressor of G2 allele of skp1), in the basal state (complex A). This is 
thought to hold the inactive NOD2 in a signaling-competent form (48). Upon stimulation with MDP, 
NOD2 binds to RIP2 and activates NF-«B and MAPK (p38 and JNK) through recruitment of several 
intracellular proteins, including clAP1 and clAP2 (complex B). This leads to the induction of chemokines, 
cytokines, and defensins, which mediate the antimicrobial responses. Similarly, viral infection can activate 
NOD2, leading to its translocation to the mitochondria, association with mitochondrial antiviral signaling 
protein (MAVS), and induction of the antiviral cytokine type | IFN (complex C). NOD2 also interacts with 
the dsRNA-binding protein OAS2. Overexpression of NOD2 can activate the RNase L pathway, providing a 
positive feedback mechanism for the mito-signalosome in response to RNA viruses. (complex C). RIG-I is 
depicted because it is the PRR that binds to viral nucleic acids, whereas TANK-binding kinase 1 (TBK1) and 
IxB kinase—e (IKK-e) lie downstream of MAVS to activate IRF-3. 
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complex activates the IxB kinase complex through 
Lys°?-linked polyubiquitination of its y subunit 
(also known as NEMO). This is achieved through 
the recruitment of the ubiquitin ligases cIAP1 and 
cIAP2 to the signaling complex (/6). In parallel 
to the activation of NF-«B, the NOD2-RIP2 com- 
plex also stimulates MAPK (i.e., p38 and JNK). 
The molecular mechanisms that regulate the for- 
mation of a membrane-bound RIP2-NOD2 com- 
plex are not fully determined; however, numerous 
cellular proteins have been implicated in NOD2 
signaling. The mechanism by which these mul- 
tiple factors interact to regulate NOD2 signaling 
during physiologic responses to infection and 
under pathologic conditions such as Crohn’s dis- 
ease requires further investigation (/7). 

MDP-mediated activation of the NOD2- 
RIP2 complex is known to modulate both in- 
nate and adaptive immune responses by activat- 
ing the expression of numerous cytokines and 
chemokines. NOD2 control of cytokine expres- 
sion is mediated largely through its ability to 
activate NF-«B and p38 MAPK-dependent sig- 
naling. Several studies, however, suggest that 
NOD2 has a role in caspase-1 activation and sub- 
sequent IL-1 processing in response to MDP. 
One study carried out in cells isolated from 
NOD?2-deficient mice suggests that MDP induces 
caspase-1 activation and IL-1B processing through 
the NOD2 and ASC/NLRP3 inflammasome 
(18), although another found that MDP activa- 
tion of caspase-1 is independent of NOD2 (/9). 
These discrepancies are likely due to the dis- 
tinct inflammasome activation protocols used. 
There is also evidence indicating that NLRP1 
activates caspase-1 in an MDP-responsive fash- 
ion (20, 21). NOD2 has been reported to as- 
sociate with NLRP1 and cooperate in caspase-1 
activation in response to MDP (2/). This hetero- 
typic NLR-NLR interaction is interesting because 
in vitro cell-free reconstitution of MDP-stimulated 
NLRPI1 inflammasome formation represents the 
only evidence that any NLR protein directly 
senses a PAMP. Verification of such a finding in 
the presence or absence of purified NOD2 would 
be crucial in assessing whether NLRP1 might be 
the cellular protein (or one of the cellular pro- 
teins) required to confer MDP responsiveness 
on NOD2, because direct binding of MDP by 
NOD2 has yet to be observed. 

Besides regulating cytokine production, signaling 
through NOD2 also induces host antimicrobial 
responses in both immune and epithelial cells. 
Most of the NOD2-induced antimicrobial responses 
require NF-kB and MAPK activation, which 
regulates expression of antimicrobial peptides 
including o-defensins, B-defensins, and cryptidins 
(4). NOD2 also associates with the NADPH 
(reduced nicotinamide adenine dinucleotide 
phosphate) oxidase family member DUOX2 
(22). Microbicidal reactive oxygen species 
(ROS) production by DUOX2 appears to be 
regulated through MDP-NOD2 signaling. These 
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Fig. 2. NLR proteins and regulation of the mito-signalosome. In the quiescent state (complex A), the 
CARD-CARD homotypic interaction between MAVS and RIG-I is prevented by MAVS association with 
NLRX1 and/or Atg5-Atg12 conjugate, perhaps by steric hindrance. Mfn2 interacts with the C terminus 
and the transmembrane region of MAVS to abolish its immune-activating function. The three regulatory 
proteins target different regions of MAVS to execute the “molecular brake.” In the presence of cytosolic 
5'-triphosphate, ssRNA, or dsRNA, these brakes are released, which renders the assembly of the active 
form of mito-signalosome (complex B), in which MAVS interacts with NOD2 and RLRs, such as RIG-I, 
which directly interact with viral nucleic acid to trigger type | IFN production. 


results indicate that recognition of MDP by 
NOD2 induces multiple effector responses to 
enhance intercellular communication through 
cytokine, chemokine, and defensin production, 
and to enhance antimicrobial function by ROS 
production. These new observations present the 
pressing challenge of defining whether these 
disparate actions of NOD2 are mediated by a 
single multifunctional complex or by distinct 
biochemical complexes. 


How Do NLRs Affect the Mito-Signalosome? 


Besides the biochemical complexes defined 
above, recent reports have found a new linkage 
between NLRs and a newly defined multimeric 
complex that is located in the mitochondria, 
which together regulates the production of 
antiviral type I IFN and inflammatory cytokines. 
The mitochondria have been typically associated 
with pivotal roles in oxidative phosphorylation, 
adenosine triphosphate (ATP) generation, ROS 
production, cell survival, programmed cell death, 
and autophagy; however, recent evidence sug- 
gests that mitochondria can act as central plat- 
forms for innate antiviral responses. This function 
centers on the mitochondrial antiviral signaling 
protein (MAVS; also known as IPS-1, VISA, and 
Cardif), an immune-activating adaptor for type I 
IFN production that is located in the mitochon- 
dria (23-26). Functional and physical associa- 


tions of MAVS with NLR proteins have been 
demonstrated and are proposed to regulate type I 
IFN and other inflammatory cytokines. We refer 
to this complex—which also includes helicases that 
directly bind to viral single-stranded RNA (ssRNA), 
viral double-stranded RNA (dsRNA) intermedi- 
ates, RNase L-cleaved host RNA, and other reg- 
ulatory proteins—as the mito-signalosome. 

MAVS is ubiquitously expressed, and it 
mediates type I IFN production in response to 
specific signals (Fig. 2). Some cell types are 
heavily dependent on MAVS for the type I IFN 
response caused by RNA viruses, yet MAVS- 
independent, TLR-dependent machinery is im- 
portant for type I IFN production in other cell 
types (25, 27). MAVS activates the transcription 
factors IRF-3 (interferon response factor—3) and 
NF-«B. NF-«B, in turn, drives increased 
production of type I IFN and proinflammatory 
cytokines such as IL-6. MAVS can also induce 
apoptosis in response to some viral infections; 
however, certain viral proteins, such as those 
from SARS-coronavirus and hepatitis C virus, 
can antagonize this function (28). 

A key pathway by which MAVS regulates 
inflammation is through its interaction with the 
retinoic acid—inducible protein I (RIG-I)like fam- 
ily of pathogen recognition receptors (RLRs). Two 
of the RLR family members, RIG-I and melanoma 
differentiation—associated gene 5 (MDA-S), share 
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a conserved domain structure consisting of two 
N-terminal CARD domains and a DExD/H-box 
helicase domain; however, they exhibit distinct 
preferences for the molecular features of RNA 
ligands and RNA viruses (29). RIG-I binds to 
short dsRNA and 5'-triphosphate—bearing ssRNA, 
whereas MDAS recognizes long dsRNA (30). 

Given the substantial impact of type I IFN 
production, it is not surprising that MAVS is 
subjected to meticulous checks and balances by 
negative regulators. One such negative regulator 
is the NLR protein NLRX1 (3/). NLRX1 is an 
unusual NLR member in that it is located at the 
mitochondria and contains a mitochondrial target- 
ing sequence at its N terminus; however, its 
precise mitochondrial location is in dispute (37, 32). 
Furthermore, it contains an N-terminal effector 
domain that bears similarity to both pyrin and 
CARD domains but cannot be categorized as 
either. Finally, the sequence encoding the central 
nucleotide-binding domain is split into two exons 
at the genomic level, and the encoded domain 
lacks a Walker A motif that is required for ATP 
binding found in other NLRs. Instead of direct 
microbial sensing, NLRX1 interacts with MAVS 
to prevent its binding to RIG-I, thus compromis- 
ing the activation of NF-«B and IRF3 in response 
to cytosolic RNA and leading to the inhibition of 
type I IFN and proinflammatory cytokine pro- 
duction (3/7). Overexpression studies also suggest 
that NLRX1 might positively regulate the pro- 
duction of ROS from mitochondria in response to 
an intracellular bacterial pathogen, although 
verification with a nonoverexpression 
system is necessary (33). Further delin- 
eation of the physiologic function of 
NLRX1 would be aided by generation 
of Nirx1-deficient mice. 

Similar to NLRX1, five other pro- 
teins, including Atg5-Atg12 conjugate, 
gClqR, Mfn2, PSMA7, and PCBP2, 
have recently been identified in the mito- 
signalosome negative regulatory module 
(34-38). Reduction of protein expression 
by RNA interference results in enhanced 
type I IFN production in response to 
certain RNA viruses. These proteins, 
however, are unlikely to be functionally 
redundant because they regulate mito- 
signalosome activation via distinct mech- 
anisms, including molecular steric hin- 
drance, autophagy, and posttranscriptional 
destabilization of MAVS. Interestingly, 
MAVS resides in a high—molecular weight 
complex in the quiescent state, and a 
substantial amount of MAVS migrates 
into lower—molecular weight fractions 
after stimulation, which suggests that it is 
released from a negative regulatory 
complex that precludes signal transduction 
at baseline (37). 

NLRX1 and several negative regu- 
lators of MAVS are proposed to work 
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by steric hindrance. For example, NLRX1 
inhibits Sendai virus-induced homotypic 
CARD-CARD interactions between RIG-I and 
MAVS (3/). Atg5-Atg12 conjugate-mediated 
inhibition of MAVS signaling acts by a similar 
mechanism (35). In contrast, Mfn2 interacts 
with the C-terminal and transmembrane region 
of MAVS rather than the N-terminal CARD 
domain (37), although it is unclear whether Mfn2 
can sterically preclude upstream RLR engagement 
by MAVS. These findings are also compatible with 
the possibility that binding of inhibitory factors 
induces conformational changes in MAVS. that 
reduce its affinity for RLRs. Furthermore, MAVS 
activity is also attenuated by its association with the 
proteasome subunit PSMA7 (34) and the ubiquitin 
ligase AIP4 via PCBP2 (38). Whether these are 
connected to the NLR pathway has not been 
investigated. 

Besides NLRX1, a recent report demon- 
strated that interaction between MAVS and 
NOD2 regulates type I IFN (Fig. 2). Overex- 
pression of NOD2, but not of other NLRs such as 
NOD1, NLRC4, NAIP, or NLRC3, provides 
human embryonic kidney 293 cells the capability 
to activate IRF3 in response to ssRNA or in- 
fection with respiratory syncytial virus (RSV), a 
ssRNA virus (39). Endogenous expression of 
NOD2 was also shown to be induced by ssRNA 
treatment or RSV infection. Depletion of NOD2 
ablated type I IFN production in these cells. 
Furthermore, immunoprecipitation of NOD2 led 
to the recovery of RSV-specific RNA, which was 


Fig. 3. NLR proteins signal through different multicomponent 
signalosomes. NLR signaling modules include the CIITA transcripto- 
some, the caspase-1—activating inflammasomes, the IFN/cytokine— 
inducing mito-signalosome, the NF-1«B/MAPK—activating NOD1/2 
complex (referred to as the nodosome), and the NIK pathway. This 
figure depicts the concept that one NLR can serve multiple functions, 
whereas multiple NLRs can also serve similar functions. 


SPECIALSECTION 


substantiated in a cell-free system. Thus, this 
study suggests that NOD2 can positively regulate 
type I IFN by direct or indirect association with 
viral ssRNA. Patients with NOD2 polymorphisms 
that lead to altered NOD2 function, however, are 
not known to have difficulties with viral infec- 
tion. This could be a species-specific difference, 
in that the antiviral role of NOD2 is specific to 
mice or that the disease-associated NOD2 
variants are not affected in their antiviral func- 
tion. As with MDP, however, it is still premature 
to define NOD2 as a bona fide pattern recog- 
nition receptor for ssRNA, because immuno- 
precipitation is likely to pull down NOD2- 
interacting proteins. MAVS associates with both 
NOD2 and RIG-I/MDA-5; thus, it is possible that 
the recovery of RSV-specific RNA is the result of 
coimmunoprecipitation of RIG-I. 

NOD2 also has been found to interact with 
2'-5' oligoadenylate synthase type 2 (OAS2), a 
known RNA binding protein (40). Binding of 
dsRNA to OAS2 results in the generation of 2'- 
5'-adenosine oligomers, which activate intra- 
cellular RNase L. RNase L then destroys viral 
RNA and impairs further viral production in the 
infected cell by degrading cellular RNAs (4/). 
RNase L—generated RNA species can also acti- 
vate RLRs, thus endowing the mito-signalosome 
with a positive feedback mechanism. These data 
suggest that the association with OAS2 links 
NOD2-mediated type I IFN production to RNase 
L activation, which synergistically amplifies host 
antiviral responses (40). 

It is intriguing to consider that the 
induction of type I IFN and RNase L 
activation by NOD2 in response to viral 
infection might parallel the bifurcated 
signaling and antimicrobial response 
seen during NOD2 activation by bacte- 
rially dertved MDP (Fig. 1). It will be of 
great interest to assess whether NOD2 
can bind RNA in the absence of acces- 
sory molecules such as RIG-I or OAS2, 
because evidence of direct binding 
would establish the structural basis for 
the classification of NOD2 as a pattern 
recognition receptor. 


How Does NLR Affect the Noncanonical 
NF-«B Pathway? 


One of the first pyrin-encoding NLR genes 
to be identified was NLRP12 (also known 
as Monarch-1 or Pypaf7) (42-44). The 
expression of this gene is restricted to the 
myeloid-monocytic compartment, thus 
implicating a role in immunity. Early work 
using overexpression of NLRP12 demon- 
strated that it can activate NF-KB, and 
furthermore, the introduction of NLRP12, 
pro-IL-1B, pro-caspase-1, and the com- 
mon inflammasome adaptor ASC/Pycard 
into 293T cells can activate caspase-1 with 
a corresponding increase in IL-1 produc- 
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tion (43). Thus, NLRP12 exhibits properties of an 
inflammasome NLR; however, gene silencing by 
short hairpin RNAs or gene deletion has not 
verified an effect of NLRP12 on IL-1B production. 
One possible explanation for these opposing results 
is that the specific activator of the NLRP12- 
dependent inflammasome was not used in these 
experiments. 

In contrast to its proinflammatory role in in- 
flammasome activation, NLRP12 has also been 
shown to impede activation of the noncanonical 
NF-«B pathway downstream of the tumor ne- 
crosis factor receptor (TNFR) (42). Activation 
of NF-kB can occur through two distinct 
mechanisms, referred to as the canonical and 
noncanonical pathways (42, 45). Whereas the 
canonical pathway is triggered rapidly after cell 
stimulation, the noncanonical pathway exhibits 
much slower kinetics and is entirely dependent 
on the NF-«B-—inducing kinase (NIK), which is 
not required for canonical NF-«B activation. 
NIK associates with the p100 subunit of NF-«B 
and induces its cleavage to its active form, p52, 
which causes the expression of a distinct subset 
of inflammatory genes. NLRP12 down-regulates 
the function of several important molecules in- 
volved in TNFR signaling, including NIK, RIP1, 
TNF receptor—associated factor 2 (TRAF2), and 
TRAF6 in human cell lines. Furthermore, both 
overexpression and small interferng RNA ap- 
proaches show that NLRP12 reduces the level 
of NIK by a proteasome-dependent pathway, al- 
though the precise mechanism is unknown. 
Besides NLRP12, NOD2 may also regulate 
NIK function, an inference supported by several 
observations: When overexpressed, NIK can as- 
sociate with NOD2; NOD2 and MDP can enhance 
p100 processing; and NIK is required for MDP- 
induced transcription of the chemokine CXCL13 
(46, 47). NIK function is only partially attenuated in 
macrophages lacking NOD2, which suggests that 
there might be redundant regulation of NIK by other 
proteins, including other NLRs. 


What Are the Major Challenges 
in the NLR Field? 


Studies of NLRs show that they interface with major 
regulatory pathways that affect the immune system, 
including caspase activation; cytokine, chemokine, 
and defensin production; canonical and non- 
canonical NF-«B pathways; MAPK, antimicrobial 
ROS, and IFN production; RNase L activity; MHC 
expression; and various forms of cell death (Fig. 3). 
A major challenge is to assess how NLRs function 
outside of the immune system, because many NLRs 
have broad tissue distribution and participate in 
signaling pathways that are broadly used throughout 
the organism. Such fields of research include 
developmental and reproductive biology, metabo- 
lism, and cancer, where connections with NLRs are 
less developed but are ripe for exploration. 

Another challenge is to further understand the 
in vivo function of both well-studied and under- 


studied NLRs in immune and nonimmune 
systems. This will require that we understand the 
cellular and tissue distribution of the endogenous 
NLRs, not just those that are overexpressed. It also 
requires that we understand dynamic changes in 
their subcellular localization upon activation with 
the appropriate agonists. This has not been ad- 
dressed for most NLRs because of the lack of 
good antibodies specific for endogenous NLRs. 

A third challenge is to determine which 
NLRs can undergo homo- and _ heterotypic 
association with other NLRs. Such interactions 
have long been proposed (2), but their impor- 
tance might be unappreciated. The functional 
and physical interactions of NOD2 with NLRP1 
or NLRP3 are prime examples where MDP 
stimulation of the inflammasome is achieved 
(18, 21). Thus, the potential heterotypic associ- 
ation of multiple NLRs should exponentially ex- 
pand the repertoire of biologic functions ascribed 
to NLRs not only in the immune system, but 
more broadly in all organs and tissues. A natural 
extension of such a model is that each NLR is 
not in a tidy functional group, but rather has mul- 
tiple functions. Multiple functions could be exe- 
cuted by partnering with other NLRs and 
participating in large functional complexes, which 
(depending on the stimulatory signal) would be 
distinct in their composition and function (Fig. 3). 

This leads to a fourth challenge, which is to 
decipher how a single NLR mediates distinct 
functions. For example, several NLRs partici- 
pate in both caspase-1 activation and the in- 
duction of cell death. NOD2 affects not only 
RIP2, NF-kB, MAPK, and NIK, but also the 
mito-signalosome. Are these distinct functions 
achieved by its participation in the same or dif- 
ferent signalosomes? Does NOD2 partner with 
different adaptors and NLR proteins? 

A fifth challenge, which is fundamental to our 
understanding of NLRs, is to determine whether 
NLRs are simply components of large signaling 
complexes, are co-receptors for pattern recognition 
receptors, or are themselves pattern recognition 
receptors (or some combination of these pos- 
sibilities). As presented above, there is abundant 
evidence that each NLR is a component of a large 
signaling complex. In the case of NLRP3, an 
inflammasome-activating NLR, it is difficult to 
envision how a single molecule might be the re- 
ceptor for the multitude of PAMPs with divergent 
chemical compositions that can activate this in- 
flammasome. In other cases where the function 
appears highly restricted, however, a receptor- 
ligand function seems to be a greater possibility. 

This leads to a sixth challenge: What is the 
structure of NLR proteins? A resolution of the 
protein structure of each NLR protein will help 
to resolve the mechanism by which NLRs 
interact with other proteins within a signalosome 
and also whether NLRs directly bind to PAMPs. 
NLRs are notoriously difficult to purify, and 
thus resolving their full-length structure will be 


a major technical hurdle, whereas solving the 
structure of individual domains is more feasible. 
Although these are challenging issues to resolve, 
considering the rapid pace of NLR researches, 
much progress is likely in the near future. 
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REVIEW 


Regulation of Adaptive Immunity by the 
Innate Immune System 


Akiko Iwasaki?* and Ruslan Medzhitov’** 


Twenty years after the proposal that pattern recognition receptors detect invasion by microbial 
pathogens, the field of immunology has witnessed several discoveries that have elucidated 
receptors and signaling pathways of microbial recognition systems and how they control the 
generation of T and B lymphocyte—mediated immune responses. However, there are still many 
fundamental questions that remain poorly understood, even though sometimes the answers are 
assumed to be known. Here, we discuss some of these questions, including the mechanisms by 
which pathogen-specific innate immune recognition activates antigen-specific adaptive immune 
responses and the roles of different types of innate immune recognition in host defense from 


infection and injury. 


etazoans are transiently or constitu- 
Mew colonized by a variety of micro- 

organisms that can engage in mutualistic 
or antagonistic interactions with their hosts. The 
nature of these interactions is still poorly under- 
stood, although recent studies have begun to elu- 
cidate the host receptors and signaling pathways 
involved in sensing both commensal and patho- 
genic microbes. These microbial sensing path- 
ways are used by the immune system to maintain 
host-microbial homeostasis and to induce anti- 
microbial defense mechanisms. In vertebrates, 
two types of immunity are used to protect the 
host from infections: innate and adaptive. The 
innate immune system is genetically programmed 
to detect invariant features of invading microbes. 
Innate immune cells include dendritic cells (DCs), 
macrophages, and neutrophils, among others. In 
contrast, the adaptive immune system, which is 
composed of T and B lymphocytes, employs an- 
tigen receptors that are not encoded in the germ 
line but are generated de novo in each organism. 
Thus, adaptive immune responses are highly spe- 
cific. The best-characterized microbial sensors 
are the so-called pattern recognition receptors 
(PRRs) of the innate immune system, which de- 
tect relatively invariant molecular patterns found 
in most microorganisms of a given class (/). 
These structures are referred to as pathogen- 
associated molecular patterns (PAMPs), though 
they are not unique to microbes that can cause 
a disease. Several families of PRRs have been 
characterized over the past decade, thus eluci- 
dating the basic mechanisms of sensing micro- 
bial infections; however, several questions remain 
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unresolved, and new questions have arisen as a 
result of recent progress. Here we will discuss 
some of these emerging questions in the con- 
text of the current knowledge of innate immune 
recognition. 


Are All PRRs Created Equal? 


Microbial pathogens are recognized through 
multiple, distinct PRRs that can be broadly 
categorized into secreted, transmembrane, and 
cytosolic classes. Secreted PRRs (including col- 
lectins, ficolins, and pentraxins) bind to micro- 
bial cell surfaces, activate classical and lectin 
pathways of the complement system, and op- 
sonize pathogens for phagocytosis by macro- 
phages and neutrophils. 

The transmembrane PRRs include the Toll- 
like receptor (TLR) family and the C-type lectins. 
TLRs in mammals are either expressed on the 
plasma membrane or in endosomal/lysosomal 
organelles (2). Cell-surface TLRs recognize con- 
served microbial patterns that are accessible on 
the cell surface, such as lipopolysaccharide (LPS) 
of Gram-negative bacteria (TLR4), lipoteichoic 
acids of Gram-positive bacteria and bacterial lipo- 
proteins (TLR1/TLR2 and TLR2/TLR6), and 
flagellin (TLRS), whereas endosomal TLRs 
mainly detect microbial nucleic acids, such as 
double-stranded RNA (dsRNA) (TLR3), single- 
stranded RNA (ssRNA) (TLR7), and dsDNA 
(TLR9). Expression of TLRs is cell-type specific, 
allowing allocation of recognition responsibilities 
to various cell types (3). Dectin-1 and -2 are trans- 
membrane receptors of the C-type lectin family 
that detect B-glucans and mannan, respectively, 
on fungal cell walls (4, 5). 

The cytosolic PRRs include the retinoic acid— 
inducible gene I (RIG-I)—like receptors (RLRs) 
and the nucleotide-binding domain and leucine- 
rich repeat—containing receptors (NLRs). RLRs 
detect viral pathogens (6). Unlike TLRs, most 
cell types express RLRs. RLR members RIG-I 
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and melanoma differentiation factor 5 (MDAS5) 
recognize viral RNA through their helicase do- 
main and signal through their caspase recruitment 
domains (7, 8). RLRs use a common adaptor 
molecule mitochondria antiviral signaling protein 
(MAVS) (9). Engagement of MAVS by RLRs 
leads to the activation of transcription factors 
nuclear factor «B (NF-«B) and interferon regulatory 
factor 3 (IRF3). RIG-I recognizes 5’ triphosphate— 
ssRNA with a dsRNA component: PAMPs as- 
sociated with many ssRNA viruses (8). Similar 
RNA species are also generated by RNA poly- 
merase III (Pol III) in the cytosol upon tran- 
scription of poly dA-dT-rich dsDNA (J0, 17). 
Thus, RIG-I is a sensor for both ssRNA viruses 
and some dsDNA viruses (via Pol II). MDA5 
preferentially recognizes long dsRNA structures 
in the cytosol, a PAMP associated with positive 
ssRNA virus infections (9). 

NLRs represent a large family of intracellu- 
lar sensors that can detect pathogens and stress 
signals (12). NLRs are multidomain proteins that 
contain a C-terminal leucine-rich repeat domain, 
a central nucleotide-binding oligomerization 
domain (NOD), and an N-terminal effector do- 
main (/3). They can be divided into three sub- 
families depending on their N-terminal domains. 
NLR family members detect (in most cases in- 
directly) degradation products of peptidoglycans, 
various forms of stress (for instance, ultraviolet 
irradiation), microbial products, and noninfectious 
crystal particles (/2). 

Most, if not all, PRRs that activate the tran- 
scription factors NF-«B, IRF, or nuclear factor of 
activated T cells (NFAT) are sufficient to induce 
both T and B cell responses, whereas secreted 
PRRs and some endocytic PRRs (scavenger re- 
ceptors and mannose receptors) cannot induce 
adaptive immunity by themselves (/4). TLRs are 
the best characterized receptors that can trigger 
activation of adaptive immune responses of sev- 
eral effector classes, including immunoglobulin 
M (IgM), IgG, and IgA antibody responses; T 
helper cell 1 (Ty1) and Ty17 CD4* T cell re- 
sponses; and CD8" T cell responses (3). In a path- 
ological setting, TLR4 can also induce Ty2 and 
IgE responses, although the functional importance 
of this pathway in protective immunity is current- 
ly unknown. Engagement of dectin-1 and -2 can 
drive T}17 responses, which are required to clear 
fungal infections (4). Several recent studies have 
demonstrated that cytosolic PRRs, including RLRs 
and some NLRs, can also activate adaptive im- 
munity (/5—/9). A cytosolic DNA sensor pathway 
is also sufficient for activation of Ty1, cytotoxic 
CD8" T cell, and antibody responses through 
TANK-binding kinase-1 (20). 

The relative contribution of different PRRs to 
activation of specific arms of adaptive immune 
response during microbial infections is not fully 
understood. Somewhat surprisingly, inflamma- 
somes, rather than signaling through the viral sen- 
sors RLRs, are required for adaptive immunity 
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against influenza infection (2/7, 22). Similarly, 
infection with respiratory syncytial virus (RSV) 
activates MAVS-dependent antiviral innate host 
defenses, and yet, mice deficient in both MAVS 
and MyD88 (and adaptors used by most TLRs) 
can mount adaptive immune responses and clear 
RSV infection (23). Protective immunity to RSV 
was instead shown to depend on the NLR NOD2 
(24). For many microbial infections, including 
the well-studied pathogens Mycobacterium tuber- 
culosis and Listeria monocytogenes, the rele- 
vant innate immune recognition pathways are 
unknown, though some obvious candidates have 
been excluded. Activation of pro- 
tective CD8* T cell responses 
to L. monocytogenes is MyD88- 
independent (25), and the intra- 
cellular stage of infection activates 
the transcription factor IRF3 (26), 
but the sensor responsible for the 
induction of the adaptive immune 
response is unknown. In the case 
of Mycobacteria infection, immune 
protection is MyD88-dependent, 
but this is probably due to the 
requirement for the interleukin- 
1 (IL-1) receptor signaling rather 
than TLR signaling (27). The sen- 
sors responsible for activation of 
adaptive immunity to Mycobacte- 
ria infection remain to be eluci- 
dated. Finally, the innate recognition 
events that trigger activation of 
adaptive immunity in response 
to retroviral and lentiviral infec- 
tions, including HIV-1, are not 
fully understood. HIV-1 can acti- 
vate TLR7 and TLR9 in plasmo- 
cytoid DCs (28), and the antibody 
response to Friend murine leu- 
kemia virus infection is MyD88-dependent, where- 
as CD8* T cell responses only partially depend 
on MyD88 (29). Thus, it is likely that retro- 
viruses may also activate one of the intracel- 
lular nucleic acid sensing pathways, but the 
receptors and ligands involved still need to be 
determined. 


Are Cell-Intrinsic and Cell-Extrinsic Innate 
Immune Recognition Equivalent? 


Innate immune recognition can be cell-intrinsic 
or cell-extrinsic, depending on whether it is me- 
diated by infected or noninfected cells (30). Cell- 
extrinsic innate immune recognition is mediated 
by transmembrane receptors (including TLRs 
and dectins); their activation does not require the 
cells expressing these receptors to be infected. In 
contrast, cell-intrinsic innate immune recognition 
is mediated by intracellular sensors, including 
NLRs and RLRs. Activation of these receptors 
generally requires that the cell is infected. Ac- 
cordingly, these PRRs are broadly expressed be- 
cause most cells can potentially be infected by 


PAMP 
Antigen 


Dendritic cell 
‘\ 


yr 4 
7 , 
hs 


Fig. 1. Cell-extrinsic recognition of pathogens. Bacteria detected by DCs through 
TLRs are internalized into the phagosome where bacterial antigens are processed for 
presentation on MHC class II. Bacterial antigens (red) and PAMPs (blue) are present in 
the same phagosome, which indicates to the DC their common origin. TLR-mediated 
recognition of bacterial PAMPs promotes the selection of bacterial antigens for 
optimal presentation on MHC class II. TLR signaling also leads to the induction of 
costimulatory molecules and cytokines necessary for activation and differentiation of 
T lymphocytes. 


pathogens, especially by viruses. In contrast, 
cell-extrinsic recognition is mainly mediated by 
specialized cells of the immune system, such as 
macrophages and DCs. Although both types of 
recognition can induce antimicrobial effectors 
upon activation, they may trigger adaptive immu- 
nity by different mechanisms, as discussed in 
more detail below. 

The principal distinction is the way the ori- 
gin of antigens is established by cell-extrinsic 
and -intrinsic innate immune recognition. In the 
former case, the detection of a microbial cell or a 
viral particle by, for example, a TLR expressed 
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on DCs is followed by endocytosis or phagocy- 
tosis of the pathogen and subsequent processing 
and presentation of microbial antigens to T cells 
by major histocompatability complex (MHC) mol- 
ecules. This presentation occurs in the context of 
several signals that are induced by the TLR and 
that are required for naive T cell activation, in- 
cluding costimulatory signals and cytokines (Fig. 
1). The microbial origin of the antigens is estab- 
lished through the physical association between 
an antigen and a PAMP that triggered the TLR. 
The physical association is primarily due to the 
co-occurrence of the antigen and a PAMP within 
the same particle (bacterial, yeast, or protozoan 
cell or a viral particle). In cell biological terms, 
the association is interpreted, in part, through co- 
delivery of an antigen and a TLR ligand to the 
same phagosome or endosome, where the anti- 
gens are preferentially selected for presentation 
by MHC class II (37). During immunization, an 
antigen and a PAMP are generally mixed to- 
gether and thus would not be perceived as having 
a common (microbial) origin unless both end up 
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in the same endosome. This normally would 
require a large excess of PAMP over what is 
minimally required for activation of DCs. The 
co-recognition, however, is strongly facilitated 
by some adjuvants, such as mineral oil and alum, 
that promote antigen persistence and the co- 
recognition of the antigen and a PAMP. This 
effect of adjuvants can be substituted for by a 
physical association of an antigen and a PAMP, 
either by direct conjugation or by coabsorption 
on the same particles, because in both cases they 
will localize to the same endosomes, and the im- 
mune system will interpret this as an indication 
that the antigen is of microbial 
origin. Such associative recog- 
nition also explains why immu- 
nodominant antigens generally 
have both PAMP activity and 
antigenicity embedded within the 
same molecule. Examples include 
Toxoplasma profilin (32), sever- 
al bacterial lipidated outer mem- 
brane proteins, and flagellin; in 
each case these antigens are also 
PAMPs that can activate various 
TLRs. Similarly, in the case of 
auto-antigens that trigger TLR7- 
and TLR9-mediated autoimmunity, 
ribonucleoproteins and chromatin 
complexes contain both self anti- 
gens and TLR agonists. 

Associative recognition also 
plays an important role in cell- 
extrinsic recognition by B cells. 
The co-engagement of the B 
cell receptor (BCR) with one of 
several innate immune signal- 
ing pathways, such as the C3dg 
complement component, results 
in a profound enhancement of 
antibody responses (33). In this case, C3dg “flags” 
the antigen as foreign, thus instructing B cells 
about the origin of the antigen. Similarly, co- 
engagement of the BCR and TLRs enhances 
antibody responses, as exemplified by the strong 
immunogenicity of flagellin and other antigens 
that have TLR agonist activity (/4). 

The situation is less clear for cell-intrinsic 
immune recognition (Fig. 2). The intracellular 
(cytosolic) sensors, such as RIG-I and MDA-S, 
detect viral nucleic acids in infected cells, which 
in most cases are not professional antigen- 
presenting cells (APCs). In contrast to TLR- 
mediated recognition, where microbial antigens 
are “marked” by physical association with mi- 
crobial PAMPs, cell-intrinsic sensing of viral nu- 
cleic acid is not known to be coupled to the viral 
antigens. It is possible that such an association 
does exist, and that RLR-mediated recognition of 
viral nucleic acids somehow promotes the 
selection of viral antigens for presentation to T 
cells. It is not obvious how this might work, 
especially if RLR-mediated recognition and 
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antigen presentation occur in different cells—for 
example, in virally infected cells and in DCs, 
respectively. Even when intracellular sensors 
are activated within an APC, it is unclear 
whether and how the microbial antigens are 
preferentially targeted for presentation to T 
cells. One possibility is that the innate recog- 
nition event somehow directs the microbial 
antigens for autophagic degradation followed 
by MHC presentation (Fig. 2). Autophagy has 
been linked to MHC class II antigen presentation 
(34). Alternatively, cell-intrinsic innate immune 
recognition may be coupled with 
induction of adaptive immunity 
by a mechanism that is indepen- 


i aa PAMP a 
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explanation of selective activa- ER 4 


tion of pathogen-specific T cells 
following cell-intrinsic innate 
immune recognition is that all 
self antigen-specific T cells are 
deleted during negative selec- 
tion, which would only allow 
for pathogen-specific T cells to 
become activated during an in- 
fection. This possibility, howev- 
er, is inconsistent with the 
presence of mature self-reactive 
T cells in peripheral tissues that 
are activated when mechanisms of 
peripheral tolerance are compro- 
mised. Moreover, cell-intrinsic 
activation of a cytosolic DNA 
sensing pathway by endogenous 
DNA was recently shown to 
result in an autoimmune disease 
(35). 

Whether the pathogen detection occurs 
through cell-intrinsic or -extrinsic mechanisms, 
DCs presumably always have to be directly 
activated by a PRR to activate T cell responses 
(36). But can DCs use cell-extrinsic and -intrinsic 
innate immune recognition pathways equally? 
Activation of the cell-intrinsic pathway generally 
implies that the cell where recognition occurs is 
infected; however, infected DCs succumb to 
various pathogen-encoded strategies that can 
interfere with their function. Furthermore, most 
pathogens do not infect and replicate in DCs (37). 
When they do, such pathogens often use the 
biology of DCs to gain access to the target tissue 
within which they can replicate and disseminate. 
Examples of these include HIV-1 (38) and 
Venezuelan equine encephalitis virus (39). In 
many cases, noninfected DCs present antigen 
derived from infected cells. The most extreme 
case of this is the antigen-transfer model, in 
which DCs that have migrated from the infected 
tissue transfer antigen to the lymph node—resident 
DCs, thus amplifying T cell activation (40). How 
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the origin of the antigen could be established in 
these models is not clear, although recent studies 
have suggested possible mechanisms. In one 
pathway, TLR3 in DC phagosomes detects viral 
nucleic acids (dsRNA) from infected cells and 
triggers DC activation and presentation of viral 
antigens on MHC class I (Fig. 3) (4/). This finding 
is particularly interesting given the lack of evidence 
for the requirement of TLR3 in direct viral 
recognition by DCs in antiviral defense (6). Thus, 
TLR3 might recognize viral dsRNA from infected 
cells but not the viruses themselves. Infected 


>. 


Fig. 2. Cell-intrinsic recognition. DCs directly infected by viruses recognize PAMPs 
(blue) within the cytosol via RIG-I like receptors (RLRs). Cytosolic viral proteins (red) 
are processed and presented on MHC class | (via the conventional endoplasmic 
reticulum pathway) or MHC class Il (via autophagy). RLR signaling leads to the 
induction of costimulatory molecules and cytokines necessary for activation and 
differentiation of T lymphocytes. How the origin of antigen is established in this 
instance is unclear. In the case of the MHC class | pathway, this may depend on the 
abundance of viral antigens; for MHC class II, it may depend on targeting of viral 
antigens (red triangles) by the autophagy machinery. 


apoptotic cells also induce the production of 
transforming growth factor-8 and IL-6 by DCs, 
thus driving the differentiation of Ty17 cells (42). 
Thus, cell-extrinsic recognition of pathogens 
through the uptake of infected cells provides an 
additional layer of control of T cell responses 
generated by DCs. 


What Is the Role of Pathogen Recognition by 
APCs Versus Infected Cells? 


Besides being a source of microbial antigens, 
infected cells can engage DCs in other ways to 
provide critical signals for T cell activation. 
TLR-dependent signals in infected epithelial 
cells are required for DC-mediated induction 
of Tyl responses in response to herpes 
simplex virus (HSV)-2 or Toxoplasma gondii 
(43, 44). Moreover, epithelial cell-specific 
inactivation of NF-«B directs CD4* T cell 
differentiation toward unprotective Ty1/Ty17 
responses against Trichuris muris infection in 
the gut (45). Furthermore, the TLR3 ligand 


Costimulatory 
molecules 
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polyinosinic:polycytidylic acid-induced Tyl 
response to an HIV gag protein vaccine 
depends on MDAS-mediated recognition in 
both hematopoieitic and stromal cell com- 
partments (/6). These studies indicate that, at 
least in some cases, PRR signaling in DCs 
alone cannot generate robust protective immu- 
nity and that DCs must receive additional cues 
from the infected cells. Recognition of patho- 
gens by the infected epithelial cells alone, 
however, cannot induce CD4" T cell responses 
(43, 44). Rather, direct recognition of PAMPs 
by TLRs in DCs is required for 
CD4* T cell activation (36). 
Collectively, these studies in- 
dicate that, at least in some 
cases, DCs require two signals 
for CD4* T cell activation: (i) 
direct sensing of the PAMPs 
associated with the invading 
pathogen and (ii) detection of 
a PRR-induced signal from the 
infected cells. The observation 
that tissue-migrant DCs exposed 
to both of these signals are the 
primary APC for CD4" T cell 
activation (46) supports this 
idea. The nature of the second 
signal probably depends on the 
pathogen and the tissue micro- 
environment. 

Whether similar requirements 
also apply to the generation of 
CD8* T cell responses is un- 
clear. Infected cells present anti- 
gens on MHC class I, so that 
they can be killed by activated 
CD8" T cells. To become acti- 
vated, however, CD8* T cells 
must recognize antigens presented 
by DCs, which in most cases are not infected by 
the same pathogen. Thus, to activate a CD8* T 
cell response, uninfected DCs must present 
microbial antigens on MHC class I, in a process 
known as cross-presentation. In the antigen- 
transfer model, migrant DCs from peripheral 
tissues, upon arrival in the draining lymph node, 
transfer antigens to blood-derived lymph node— 
resident DCs (40). Blood-derived CD8a* DCs in 
the lymph node are the predominant APCs for 
CD8* T cells upon infection with influenza, 
HSV-1, or Listeria or encounter with apoptotic 
cells (40). How do these DCs receive the proper 
cues to become competent to prime CD8* T 
cells? PAMPs and antigens may be preserved 
within the migrant DCs, allowing CD80 DCs to 
acquire such information and drive CD8" T cell 
activation. Alternatively, cross-priming by DCs 
may not require signals from pathogens or 
infected cells, but instead may require a signal 
from antigen-specific CD4" T cells. For example, 
CD4"* T cell help is necessary for DCs to activate 
the CD8* T cell response during HSV-1 infection 
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Fig. 3. Cell-extrinsic recognition of infected cells. A virally infected non-APC recognizes PAMPs (blue lines indicate 
viral nucleic acids) within the cytosol via the RLRs, leading to secretion of type | interferons (IFNs) and other factors that 
activate DCs. Infected dead cells are taken up by noninfected DCs, and viral PAMPs (blue) are recognized through 
endosomal TLRs. Viral antigens (red triangles) are processed and presented on MHC class II (via the conventional 
endosomal pathway) or MHC class | (via cross-presentation). TLR signaling leads to the induction of costimulatory 
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molecules and cytokines necessary for activation and differentiation of T lymphocytes. 


(47). Here, the information regarding the patho- 
gen and the microenvironment might already 
have been processed by the CD4" T cells, thus 
alleviating the need for CD8" T cells to do the 
same. Future studies will help to resolve this 
issue. 


Are Endogenous and Microbial TLR 
Ligands Equivalent? 


In addition to recognition of microbial struc- 
tures, several studies have demonstrated that 
some TLRs are also involved in sensing endog- 
enous signals generated during tissue injury. 
Although some initial reports were probably 
artifacts caused by contamination of recombi- 
nant protein preparations, more recent analyses 
revealed a number of cases of bona fide endog- 
enous TLR stimulators. One class of endogenous 
TLR ligands is chromatin fragments and ribo- 
nucleoprotein complexes released from dead 
cells. When clearance of apoptotic cells is 
insufficient, these complexes can activate TLR7 
and TLR9 on DCs and B cells, which can result 
in the development of systemic autoimmune 
diseases (48). In these cases, TLR activation by 
self nucleic acids is clearly unintended. Self 
nucleic acids are simply mistaken for microbial 
pathogens. 

Unlike the accidental TLR recognition of en- 
dogenous nucleic acids, detection of other endog- 
enous ligands might serve a physiological purpose. 
The two common sources of endogenous TLR 
ligands are components of the extracellular matrix 
(ECM) and intracellular proteins. Inflammation 
and injury cause degradation and accumulation 
of several ECM components. Small molecular 
weight fragments of hyaluronic acid (HA) (49), 
biglycan (50), and versican produced by tumor 


cells (5/) can trigger TLR2 and/or TLR4 activa- 
tion. Fragments of heparan sulfate, an acidic poly- 
saccharide found in cell membranes and ECMs, 
activates DCs through TLR4 (52). Furthermore, 
several intracellular proteins have been suggested 
to activate TLRs, including the high-mobility group 
box | (HMGB1) protein, which normally resides 
in the nucleus but is thought to be secreted or 
released from damaged or necrotic cells. Extra- 
cellular HMGB1 has proinflammatory effects, 
which are mediated by TLRs 2, 4, and 9 and 
the receptor for advanced glycation end products 
(RAGE) (53). 

Both biglycan and HA fragments accumu- 
late during tissue injury and activate macro- 
phages to produce inflammatory chemokines 
and cytokines via TLR2 and TLR4 (49, 50). 
Biglycan-deficient mice were less susceptible to 
death caused by TLR2- or TLR4-dependent 
sepsis due to lower amounts of circulating 
tumor necrosis factor-a and reduced leukocyte 
infiltration in the lung (50). Similarly, TLR4- 
mutant mice secrete less inflammatory cytokines 
after ischemic reperfusion, and this effect was 
mimicked by neutralization of HMGB1 in 
control mice but not TLR4-mutant animals (54). 
In contrast, in a noninfectious lung-injury model, 
mice deficient in both TLR2 and TLR4 show 
impaired leukocyte recruitment, increased tissue 
injury, and decreased survival (49). These studies 
indicate that several endogenous ligands provide 
signals through TLR2 and TLR4 to initiate 
inflammatory responses and promote tissue 
protection and repair. 

These studies raise an important issue: Do 
microbial and endogenous agonists of TLR2 or 
TLR4 trigger identical responses? Microbial stim- 
ulators of TLRs activate inflammatory, tissue re- 


Cytokines 


Costimulatory 
molecules 


pair, and adaptive immune responses. 
Endogenous stimulators of TLR2 
and TLR4 are only known to induce 
the inflammatory and tissue repar- 
ative responses. Activation of TLRs 
in the absence of infection can lead 
to autoimmune responses, as illus- 
trated by the effects of accidental 
stimulation of TLR7 and TLR9 by 
self nucleic acids (48). Therefore, it 
is reasonable to assume that the 
endogenous TLR2 and TLR4 ago- 
nists, unlike their microbial counter- 
parts, do not induce activation of 
adaptive immune responses (Fig. 4). 
Indeed, TLR2 activation by necrotic 
cells was shown to induce expres- 
sion of inflammatory and tissue 
repair genes, but not genes asso- 
ciated with adaptive immunity (55). 
Likewise, HA triggers signals dis- 
tinct from LPS, by engagement of 
TLR4, MD2, and CD44 (56). 

Thus, the physiological, endog- 
enous ligands of TLR2 and TLR4 
probably trigger signals distinct from their micro- 
bial counterparts and specifically induce genes 
involved in tissue homeostasis and repair. The 
differential signaling by microbial versus endoge- 
nous TLR ligands may be due to the engagement 
of different co-receptors (Fig. 4). HA, but not 
LPS, signals through both CD44 and TLR4, 
whereas HMGBI1 signals through TLRs and 
RAGE (53, 56). Thus, the usage of differential 
co-receptors may potentially influence the 
signaling pathways induced by microbial and 
endogenous TLR ligands. Moreover, there are 
examples of differential TLR signaling from 
distinct subcellular compartments (57). It will 
be important to address these and other pos- 
sibilities in future studies, because the prevailing 
view of the role of endogenous ligands as danger 
signals that activate the adaptive immune 
responses is probably incorrect. Physiological 
endogenous activators of TLRs, or any other 
PRRs, have not yet been shown to be sufficient to 
activate adaptive immune responses, whereas 
unintended stimulation of TLR7 and TLR9 
results in autoimmune responses. This also ap- 
plies to the endogenous activators of inflam- 
masomes and is illustrated by the lack of 
autoimmunity in patients with gout, a condition 
caused by inflammasome activation by endoge- 
nous uric acid crystals (/2). Furthermore, ge- 
netic mutations in the inflammasome components 
lead to autoinflammatory diseases that differ 
from autoimmune disorders in that they do not 
involve activation of autoreactive T and B cell 
responses (58). 


Conclusions 


As the basic functions of TLRs are becoming 
increasingly well defined, many new questions 
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Fig. 4. Proposed consequences of TLR recognition of exogenous versus endogenous ligands. TLR en- 
gagement by exogenous (A) or endogenous (B) agonists leads to signaling from distinct subcellular 
compartments (indicated by blue and green, respectively) and/or engagement of co-receptors. Conse- 
quently, exogenous ligands induce transcription of genes leading to inflammation, tissue repair, and the 
initiation of adaptive immunity (A). In contrast, endogenous ligands induce TLR signaling for activation of 
inflammation and tissue repair but not the initiation of adaptive immunity (B). 


emerge. One fundamental issue is that microbi- 
al TLR ligands are not unique to pathogens, but 
instead are common to all microbes of a given 
class. This creates a problem of discrimination 
between commensals and pathogens. One pos- 
sibility is that pathogens are distinguished from 
commensals because of their unique virulence 
activities, such as production of pore-forming 
toxins. The notion of pathogen-commensal 
discrimination is complicated, however, be- 
cause distinctions between them are often 
arbitrary and conditional upon the host immune 
status. A widespread assumption is that the 
immune system has to discriminate between 
commensals and pathogens, such that immune 
responses are generated exclusively toward 
the latter. It could be argued, however, that the 
immune system handles all microbes in the 
same way. In fact, immune responses are 
generated against commensals, and moreover, 
commensals maintain their “innocuous” status 
toward the host, in part because they are 
actively suppressed by the immune system. Of 
course, the immune response to microbes in 
highly colonized tissues, such as the intestine, is 
tightly regulated and has a distinct modality, so 
as to avoid immunopathology. Specific forms 
of immune responses to commensals do exist 
under normal conditions, however, as exempli- 
fied by commensal-specific IgA antibodies 
normally present in the intestinal lumen (59). 
This may be the reason that TLRs recognize 
structures present on all microbes, whether they 
are known to cause a disease under a particular 
condition or not. 
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Future studies will probably reveal addi- 
tional mechanisms of immune recognition that 
may be superimposed on PRR-mediated re- 
cognition to ensure differential responses to 
commensals, pathogens, and endogenous TLR 
ligands. And perhaps the most interesting 
aspects of innate immune recognition are yet 
to be discovered. Though the field may be seen 
as approaching the beginning of the end, it is in 
fact just at the end of the beginning. 
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The NLRP3 Inflammasome: A Sensor for 


Metabolic Danger? 


Kate Schroder,” Rongbin Zhou,” Jurg Tschopp** 


Interleukin-1f (IL-1B), reactive oxygen species (ROS), and thioredoxin-interacting protein (TXNIP) are 
all implicated in the pathogenesis of type 2 diabetes mellitus (T2DM). Here we review mechanisms 
directing IL-1B production and its pathogenic role in islet dysfunction during chronic hyperglycemia. 
In doing so, we integrate previously disparate disease-driving mechanisms for IL-1B, ROS, and TXNIP in 
T2DM into one unifying model in which the NLRP3 inflammasome plays a central role. The NLRP3 
inflammasome also drives IL-18 maturation and secretion in another disease of metabolic dysregu- 
lation, gout. Thus, we propose that the NLRP3 inflammasome contributes to the pathogenesis of T2DM 
and gout by functioning as a sensor for metabolic stress. 


fests when pancreatic B cells fail to com- 

pensate for chronic elevated blood glucose 
(hyperglycemia) that occurs when glucose uptake 
in the periphery becomes dysregulated during 
insulin resistance. Insulin is secreted by pancre- 
atic B cells upon hyperglycemia and regulates 
glucose utilization within the body. In healthy 
individuals, postfeeding hyperglycemia is tran- 
sient, as insulin stimulates glucose uptake and 
restores normoglycemia. Insulin resistance, a 
state that precedes T2DM, prolongs hyper- 
glycemia by inhibiting the action of insulin. It is 
becoming increasingly apparent that chronic, 
low-grade systemic inflammation accompanies 
obesity, insulin resistance, and T2DM and 
contributes to the progression from obesity to 
T2DM (J). Elevated proinflammatory cytokines 
can contribute to insulin resistance by antagoniz- 
ing insulin signaling, thereby inhibiting insulin- 
dependent glucose uptake and contributing to 
failing glucose tolerance (2). Local inflammation 
in the insulin-secreting pancreatic islets is also 
implicated; immune cell infiltration and. local 
cytokine production accompany the early stages 
of disease as B cells begin to fail to maintain 
normal blood glucose levels (3). These local 
inflammatory processes, coupled with the toxic 
effects of glucose, lead to the accelerated loss of 
B cell mass through cell death and severely 
impair the insulin-secreting capabilities of the 
remaining B cells in both T2DM patients and 
animal models (4-6). Expression of the potent 
proinflammatory cytokine, interleukin-16 (IL-1), 
is elevated in the circulation and in pancreatic 
islets during the progression from obesity to 
T2DM, and IL-18 is implicated as an important 
driver of disease [reviewed in (2)]. Similarities 
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to IL-18—mediated pathology in islet destruction 
during type 1 autoimmune diabetes have led to 
the proposal that IL-18 presents a common final 
pathway for autoimmune diabetes and T2DM (7). 


Does IL-1B Contribute to Pancreatic Islet 
Dysfunction in T2DM? 


Mechanisms of pancreatic islet failure in T2DM 
are beginning to be clarified, and, although 
somewhat controversial, an emerging literature 
suggests a pathogenic role for IL-1. Pancreatic 
islets of T2DM patients contain a smaller B cell 
mass compared with nondiabetic controls, as a 
result of increased B cell death (5, 6). This 
appears to be a direct consequence of prolonged 
hyperglycemia; although acute exposure of 
human pancreatic islets to glucose induced B 
cell proliferation and triggered insulin secretion 
(4), chronic exposure to elevated glucose 
inhibited B cell insulin secretion and induced 
cell death in an IL-1B—dependent manner (8, 9). 
The potent proinflammatory properties of IL-1B are 
tightly regulated by expression, processing, 
secretion, and antagonism by a natural inhibitor 
(J0). Initially, IL-18 expression was thought to 
be specific to cells of the immune system, and 
to macrophages in particular, but it is now clear 
that cells outside the immune system can 
express IL-1 (e.g., keratinocytes) (//). Pancre- 
atic islets of T2DM patients and rodent models 
of T2DM exhibit immune cell infiltration, 
including macrophages (3), and these cells are 
likely to contribute to intra-islet IL-18 produc- 
tion; however, B cells can also secrete IL-18 in 
response to prolonged elevated glucose expo- 
sure (8, /2). Furthermore, unlike normal 
controls, human and mouse pancreatic islets 
and purified human £ cells under metabolic 
stress in T2DM express IL-1B (8, 72). Although 
B cells secrete less IL-1B than macrophages 
(73), it is sufficient for a clear autocrine effect 
on B cell viability and insulin-secretion capacity 
that can be blocked by antagonism or ablation 
of IL-1 (8, 74, 15). The extreme sensitivity of 


B cells to IL-1 is likely to be conferred by high 
expression of the IL-1 type I receptor (IL1R1) 
chain in these cells (/6). IL-1B induced within 
the islet impairs B cell insulin secretion (17, 18) 
and induces Fas death receptor—dependent, 
apoptotic B cell death in a manner resembling 
glucose-dependent cell death (8), which sug- 
gests that the proapoptotic effects of glucose are 
at least partly mediated by IL-1B. Indeed, IL-18 
deficiency (/4) or IL-1R blockade by the IL-1 
receptor antagonist (IL1RA) (8) improved B cell 
function and blocked the cytotoxic effects of 
chronic elevated glucose exposure to cultured 
mouse or human islets, respectively. Likewise, in 
vivo administration of IL1RA to mice fed a high- 
fat diet improved glucose tolerance and insulin 
secretion, as well as pancreatic islet survival and 
function (15). Collectively, these reports suggest 
that glucose-induced IL-1 is a key mediator of 
islet dysfunction and destruction. 

Elevated circulating IL-1 is a risk factor for 
the development of T2DM in humans (/), and 
mouse models and human clinical trials suggest 
that IL-1B antagonism may be a promising treat- 
ment for T2DM. Despite inhibiting basal B cell 
proliferation, insulin secretory function, and 
glucose tolerance compared with control mice, 
IL-1 deficiency protected mouse islets from the 
toxic effects of prolonged hyperglycemia (/4). 
This suggests that low IL-18 expression has a 
positive physiological function in healthy animals, 
consistent with the beneficial effects of low-dose 
IL-1B on B cell proliferation and insulin secretory 
function (14, 19), whereas high concentrations of 
IL-1B negatively affect B cell function and 
mediate glucotoxicity. Indeed, IL1RA suppressed 
the toxic effects of both IL-1B and glucose in 
human and rat pancreatic islets (8, 20), and in- 
jection of ILIRA (/5) or a neutralizing antibody 
against IL-1B (2/) protected against the diabetic 
effects of a high-fat diet in mice. IL-18 antago- 
nism in this context inhibited B cell death, 
promoted B cell mass, potentiated B cell glucose- 
induced insulin secretion, and improved insulin 
sensitivity (15, 2/). Consistent with these results, a 
recent human clinical trial using IL1RA to treat 
T2DM ameliorated systemic inflammation and 
significantly improved glycemic control and B cell 
function (22, 23). 


How Is IL-1B Secretion Regulated? 


Until recently, the mechanisms underlying glucose- 
regulated IL-1B secretion were unclear. The 
production of active IL-1B is tightly regulated, 
requiring at least two independent signals for 
induction and maturation. IL-18 is induced by 
proinflammatory signaling through Toll-like recep- 
tors (TLRs) or by cytokines, such as tumor 
necrosis factor or IL-1B itself; however, this 
proform of IL-18 is inactive and requires 
processing by the cysteine protease, caspase-1, 
for maturation and secretion (24). IL-1 maturation 
is controlled by multiprotein, caspase-1—activating 
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platforms called inflammasomes. The NLRP3 
(also known as NALP3) inflammasome is the 
most fully characterized of the inflammasomes and 
contains the adaptor protein apoptosis-associated 
specklike protein (ASC); the proinflammatory 
caspase, caspase-1; and NLRP3. NLRP3 belongs 
to the nucleotide-binding oligomerization do- 
main (NOD)Hlike receptor (NLR) family (also re- 
ferred to as the nucleotide-binding domain and 
leucine-rich repeat—containing receptors by the 
Human Genome Organization and in the accom- 
panying reviews) of pattern recognition receptors 
that include the NODs [NOD1 and 2, NLRC3 
or NOD3, NLRCS5 or NOD4, NLRX1 or NODS, 
and the major histocompatibility complex II trans- 
activator (CIITA)], the NLRPs (NLRP1 to 14), 
NAIP, and NLRC4 (or IPAF) (25). Of these, 
NLRP1, NLRC4, and NLRP3 can form caspase- 
1—activating inflammasomes. The HIN-200 fam- 
ily member, AIM2, can also drive assembly of a 
caspase-1—activating inflammasome (26). A va- 
riety of pathogen- and host-derived “danger” sig- 
nals activate the NLRP3 inflammasome, including 
whole pathogens; pathogen-associated molecular 
patterns (PAMPs); other pathogen-associated mol- 
ecules (e.g., bacterial pore-forming toxins and 
malarial hemozoin); host-derived indicators of 
cellular damage (‘‘danger-associated molecular 
patterns” or DAMPs); and environmental irri- 
tants (Table 1). The potent immunomodulatory 
functions of the NLRP3 inflammasome are high- 
lighted by several related autoinflammatory dis- 
eases, collectively called cryopyrin-associated 
periodic syndrome (CAPS), in which activating 
NLRP3 mutations result in dysregulated IL-1B 
production and inflammation [reviewed in (25)]. 

Upon activation, NLRP3 is thought to 
oligomerize via homotypic interactions between 
NACHT domains and thereby presents clustered 
pyrin (PYD) domains for interaction with the 
PYD domain of ASC (Fig. 1). ASC assembly, in 
turn, presents clustered caspase activation and 
recruitment domains (CARDs) for interaction 
with the CARD of procaspase-1. Procaspase-1 
clustering enables autocleavage and activation, 
and activated caspase-1 can cleave other cy- 
tosolic targets, including the proinflammatory 
cytokines IL-18 and IL-18. An unconventional 
pathway that awaits clarification directs secre- 
tion of the cleaved, mature cytokines. 

Pathways leading to inflammasome activa- 
tion are a matter of debate, and several models 
have been suggested that may not be mutually 
exclusive (Fig. 1). Extracellular adenosine tri- 
phosphate (ATP) is an NLRP3-activating DAMP 
that is released at sites of cellular injury or ne- 
crosis. ATP stimulates rapid K* efflux from the 
purinergic P2X7 receptor, an ATP-gated ion 
channel (27), and triggers gradual recruitment 
and pore formation by the pannexin-1 hemi- 
channel (28). It has been proposed that NLRP3 
senses either low intracellular K" or a break- 
down in membrane integrity or that hemichannel 
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pore formation allows extracellular NLRP3 ag- 
onists to access the cytosol, to activate NLRP3 
directly (28). Given that a direct interaction be- 
tween NLRP3 and its activators has not been 
demonstrated and the structural diversity among 
agonists, it seems unlikely that NLRP3 directly 
senses its activating stimuli. Membrane disrup- 
tion may also drive NLRP3 activation in re- 
sponse to particulate or crystalline activators. 
Under this model, inefficient clearance of phago- 
cytosed material leads to phagosomal destabili- 
zation and release of the proteinase cathepsin B 
into the cytosol, which contributes to inflamma- 
some activation through an undetermined mech- 
anism (29). The proposed role for cathepsin B, 
however, may be based on off-target effects of 
the cathepsin B inhibitor (30). Moreover, cathep- 
sin B-deficient macrophages respond normally 
to particulate NLRP3 agonists (3/). 

A crucial function of ROS in NLRP3 ac- 
tivation has also been proposed (3/—33) and is 


DAMP/PAMP = K* 
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strongly supported by recent mechanistic data 
(13). ROS is normally produced within resting 
cells (e.g., by cellular metabolism); however, 
ROS induced by cellular infection or stress can 
cause oxidative stress. Where examined, all known 
NLRP3 activators, including ATP and activators 
that require phagocytosis, induce ROS. More- 
over, ROS inhibition by treatment with ROS 
scavengers blocks inflammasome activation by 
a range of NLRP3 agonists [reviewed in (24)], 
which suggests that ROS generation is a nec- 
essary upstream event for inflammasome acti- 
vation. For these reasons, we favor a model in 
which, instead of sensing PAMPs or DAMPs 
per se, the NLRP3 inflammasome is activated 
by ROS generated as a cellular response to these 
ligands and is thereby a more general sensor of 
cellular stress. Future work is required to clarify 
the role of ROS in NLRP3 activation. For ex- 
ample, a recent report suggested that caspase-1 
activity can be inhibited by oxidation and 


Fig. 1. Current models for activation of the NLRP3 inflammasome. NLRP3 oligomerization and recruitment 
of ASC and procaspase-1 trigger autoactivation of caspase-1 and the maturation and secretion of proin- 
flammatory cytokines, such as IL-18. Mechanisms leading to NLRP3 inflammasome activation are a matter 
of debate. Three models are widely favored in the literature and may not be mutually exclusive: (1) The 
NLRP3 inflammasome is activated by extracellular ATP by one of the following mechanisms: The purinergic 
P2X7 receptor—activated pannexin-1 pore allows cytoplasmic entry of extracellular factors that are direct 
NLRP3 ligands, or NLRP3 senses either K* efflux or a loss of membrane integrity. (2) Crystalline or par- 
ticulate structures are phagocytosed, which leads to lysosomal rupture and cytoplasmic release of lysosomal 
content. This pathway is sensitive to the cathepsin B inhibitor, Ca-074-me, which suggests that cathepsin B 
potentiates this process. (3) All NLRP3 agonists trigger the production of ROS, which leads to the activation 
of the NLRP3 inflammasome via the ROS-sensitive TXNIP protein (see Fig. 3). LRR, leucine-rich repeat. 
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Table 1. NLRP3 inflammasome activators. Details of individual NLRP3 inflammasome activators are 


reviewed in (24, 25). 


Activator class Activator Disease associations 
Whole pathogen Candida albicans Infection 
Saccharomyces cerevisiae’ Infection 
Staphylococcus aureus Infection 
Listeria monocytogenes Infection 
Influenza virus Infection 
Sendai virus Infection 
Adenovirus Infection 
Pathogen-associated Bacterial pore—forming Infection 
molecules toxins 
Hemozoin Cerebral malaria 
Environmental insults Silica Silicosis 
Asbestos Asbestosis 
Skin irritants Contact hypersensitivity 
reactions 
Ultraviolet light Sunburn 


Endogenous danger signals ATP Injury or necrotic cell death 
Glucose Metabolic syndrome 
MSU Gout 
Calcium pyrophosphate Pseudogout 


dihydrate (CPPD) 


Amyloid B Alzheimer’s disease 
Hyaluronan Injury 
Adjuvant Alum 


“Viable (52) but not heat-killed (53) S. cerevisiae activates the NLRP3 inflammasome. 


glutathionation (34); whether this represents 
a negative feedback pathway to limit ROS- 
regulated caspase-1 function is presently unclear. 
Furthermore, although ROS appears to be nec- 
essary, it is not sufficient for NLRP3 activation, 
as some ROS-inducing agents (e.g., cytokines 
and nonimidazoquinoline TLR agonists) are not 
sufficient to trigger NLRP3 inflammasome ac- 
tivation. This implies either a specific require- 
ment for the type or location of ROS or that 
ROS cooperates with a second, unidentified path- 
way for NLRP3-dependent caspase-1 activation. 
NLRP3 inflammasome activation can be sup- 
pressed by culturing cells in medium containing 
a high concentration of K* [reviewed in (24)], 
which implies a requirement for K* efflux for 
NLRP3 activation. The interplay between K* 
efflux and ROS generation is unclear, but it is 
possible that intracellular K* concentrations mod- 
ulate ROS production or that low intracellular 
K" is required independently of ROS for NLRP3 
activation. 

Recent identification of a ROS-dependent 
NLRP3 ligand revealed several molecular events 
that may direct inflammasome activation (Fig. 2). 
NLRP3 agonists trigger the association of 
NLRP3 with thioredoxin-interacting protein 
(TXNIP), also known as vitamin D3 up-regulated 
protein 1 (VDUP1), in human macrophages, and 
this association is suppressed by inhibiting ROS 
(73). In unstimulated cells, TXNIP is bound to 
the oxidoreductase thioredoxin; however, this 
complex dissociates when intracellular ROS 


increases. Free thioredoxin is then able to 
perform its function as a ROS scavenger. 
Dissociation of TXNIP from thioredoxin allows 
interaction with NLRP3 in a ROS-dependent 
manner (/3). Furthermore, TXNIP knockdown 
or deletion suppresses caspase-1 activation and 
IL-1 secretion in response to NLRP3 agonists in 
human or mouse macrophages (/3), and knock- 
down of the TXNIP inhibitor, thioredoxin, aug- 
ments inflammasome activation in human 
macrophages (3/). Taken together, these data 
suggest that TXNIP is an upstream activating 
ligand for NLRP3. Although unlikely, an indirect 
effect of TXNIP on NLRP3 activation via redox 
modulation, however, cannot be excluded at 
present. TXNIP-dependent inflammasome acti- 
vation appears to be specific for NLRP3, as 
TXNIP deficiency did not affect the activity of 
other inflammasomes (e.g., NLRC4 and AIM2) 
(73). 


How Do TXNIP and NLRP3 Collaborate to 
Sense Metabolic Stress? 


A large body of literature implicates a patho- 
genic role for TXNIP in T2DM, which, until 
recently, was not known to be linked to IL-1. 
TXNIP deficiency improves glucose tolerance 
and insulin sensitivity in mice fed a high-fat diet 
(35, 36). These attributes may be due to TXNIP- 
induced activation of NLRP3, because NLRP3 
ablation also improves these metrics (/3). 
TXNIP expression is induced by glucose (/3, 37), 
repressed by insulin (38), and elevated in T2DM 


(38, 39). Glucose is a potent inducer of TXNIP in 
pancreatic islets but not in macrophages (/3), 
which suggests that tissue macrophages do not 
contribute to glucose-dependent TXNIP induc- 
tion within the islet. Pancreatic islets express all 
NLRP3 inflammasome components (NLRP3, 
ASC, and caspase-1) (/3), albeit at lower levels 
than macrophages, which may reflect their 
reduced capacity to secrete IL-18. Glucose- 
dependent IL-1B secretion is ablated in both 
TXNIP- and NLRP3-deficient mouse pancreatic 
islets and is also antagonized by ROS inhibitors 
(13). Taken together, these findings suggest that 
the NLRP3 inflammasome, in collaboration with 
ROS-liberated TXNIP, drives IL-1B secretion 
from pancreatic islets in response to chronic 
elevated glucose. Furthermore, they suggest that 
the TXNIP-dependent NLRP3 inflammasome, 
activated under conditions of metabolic stress, 
mediates IL-18—driven islet failure during the 
progression of T2DM. 

The concept that the NLRP3 inflammasome 
is activated by pathways that culminate in 
metabolic stress is further supported by the 
crucial role of NLRP3-dependent IL-18 produc- 
tion in a very different disease of metabolic 
dysregulation, gout. Gout is linked to dysregu- 
lated purine metabolism, which leads to elevated 
blood uric acid levels and monosodium urate 
(MSU) crystal deposition in joints, resulting in 
severe joint inflammation. It is interesting that 
metabolic syndrome, which often precedes 
development of T2DM, is a predisposing factor 
for gout. In this context, gout is likely to 
manifest as a consequence of increased purine 
intake. In gout, MSU activates the NLRP3 
inflammasome and drives IL-18 production, 
leading to local pain and inflammation (40). 
Similar to inflammasome activation by glucose, 
MSU-dependent IL-18 maturation depends on 
collaboration between TXNIP and NLRP3 (/3). 
Like metabolic syndrome, this condition can be 
ameliorated by changes in diet. In the case of 
gout, this involves decreasing the intake of gout- 
inducing purine-rich foods (e.g., beer and 
seafood). Acute gout attacks can also be success- 
fully treated with IL1R antagonists (4/, 42). 


Does the NLRP3 Inflammasome Contribute to 
T2DM Progression? 


In the majority of cases, T2DM is a complex 
disorder in which there is substantial interaction 
between environmental factors, such as food 
intake and exercise, and genetic predisposition. 
A number of genetic variants were shown to 
associate with B cell decline in T2DM in recent 
genome-wide association studies (43). Although 
components of the inflammasome pathway were 
not implicated, a number of potassium channel 
variants, presumed to mediate their diabetic 
effects through modulation of insulin secretion, 
may also modulate activation of the K-sensitive 
NLRP3 inflammasome. There is a clear link, 
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Chronic hyperglycemia 
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NADPH oxidase? 


Reactive oxygen 
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/ 
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TXNIP expression 
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dysfunction cell infiltration 


Fig. 2. Proposed model of NLRP3 inflamma- 
some activation leading to pancreatic islet dys- 
function in T2DM. Chronic hyperglycemia leads 
to ROS production, probably through overstim- 
ulation of the mitochondrial electron transport 
chain as a consequence of increased glycolysis. 
Glucose induces TXNIP expression, and ROS trig- 
gers the dissociation of TXNIP from thioredoxin 
(TXN), which results in increased TXNIP availa- 
bility for activation of the NLRP3 inflammasome 
and caspase-1—dependent IL-18 maturation. The 
autocrine and/or paracrine action of secreted 
IL-1B mediates glucose-induced f cell death and 
dysfunction. 8 cell failure is further augmented 
by the local proinflammatory milieu created 
by infiltrating immune cells. B cell failure im- 
pairs glucose-stimulated insulin secretion and 
so contributes to decreased glucose uptake in 
the periphery and the maintenance of chronic 
hyperglycemia. 
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however, between prolonged hyperglycemia, 
whether driven by genetic or environmental 
factors, or both, and pancreatic islet failure. It 
is in this context that the data reviewed here 
suggest a pathogenic role for the NLRP3 
inflammasome. 

The evidence presented above suggests the 
following model for NLRP3 inflammasome 
activation in pancreatic islet failure during 
T2DM progression (Fig. 2). Chronic islet 
exposure to elevated glucose triggers ROS 
generation, through mechanisms that are cur- 
rently unclear. Glucose was reported to induce 
ROS generation via the nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase sys- 
tem in rat pancreatic islets and a B cell line (44); 
however, it is more likely that increased 
glycolysis drives ROS production by increasing 
the activity of the mitochondrial electron 
transport chain (45). Indeed, mitochondrial 
dysfunction and oxidative stress in pancreatic 
islets are strongly implicated in T2DM progres- 
sion (45). Elevated glucose also induces high 
expression of TXNIP, which together with its 
ROS-dependent dissociation from thioredoxin, 
switches TXNIP function from thioredoxin 
repressor to NLRP3 inflammasome activator. Once 
activated, caspase-1 cleaves pro-IL-1B to its 
mature form, and IL-1 is secreted and can signal 
in an autocrine and/or paracrine manner to 
promote cell death and to impair B cell function. 

Additional mechanisms may contribute to 
islet dysfunction and destruction. IL-1 signaling 
is likely to trigger secretion of other chemotactic 
factors to direct further immune cell infiltration. 
The combined effects of the proinflammatory 
milieu and activated immune cells would 
augment B cell death and would suppress B cell 
secretory functions. TXNIP was reported to 
contribute to B cell destruction (39); however, 
whether this is dependent on IL-1 is unclear. 
Inhibition of glucose uptake in the periphery by 
TXNIP (38) may also contribute to pancreatic 
islet failure by reducing blood glucose utiliza- 
tion and thereby sustaining hyperglycemia. 

A number of questions remain unresolved, 
including the mechanism of pro-IL-1B induction 
in pancreatic islets. Potential mechanisms include 
induction by an autoamplification loop or by ele- 
vated circulating free fatty acids, which can sig- 
nal through TLR4 (46, 47). Alternatively, islet 
oxidative stress that is associated with T2DM 
(45) may activate the IL-1 promoter via the 
nuclear factor «B transcription factor (48). Any 
of these pathways would also promote secretion 
of other proinflammatory cytokines and chemo- 
kines, which would drive islet infiltration by 
immune cells and thereby amplify the local pro- 
inflammatory milieu. The specific contribution of 
intra-islet macrophages to IL-1$—mediated cell 
dysfunction is currently uncertain. 

Relative insulin resistance in the periphery, 
coupled with insufficient pancreatic insulin 
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Fig. 3. Model for the role of ROS, TXNIP, and IL- 
16 in pancreatic 6 cell failure in T2DM. During 
the early stages of disease, pancreatic B cells can 
compensate for relative insulin resistance in the 
periphery by increasing the production of insulin 
and thereby ameliorate hyperglycemia. Increasing 
insulin resistance, however, overwhelms 8 cell 
compensatory mechanisms, leading to decreased 
insulin signaling and insulin-dependent glucose 
uptake, and contributing to sustained hyper- 
glycemia. Prolonged hyperglycemia in pancreatic 
islets leads to the induction of ROS, which triggers 
TXNIP-dependent activation of the NLRP3 inflam- 
masome, culminating in the secretion of mature IL- 
1p. Elevated IL-18 causes B cell death and dys- 
function, leading to decreased glucose-stimulated 
insulin secretion and exacerbating chronic hyper- 
glycemia. In the periphery, the combination of 
decreased insulin signaling and elevated glucose 
induces expression of TXNIP. High TXNIP expres- 
sion, coupled with decreased insulin signaling, 
antagonizes glucose uptake and inhibits the return 
to normoglycemia. Glucose-induced NLRP3 inflam- 
masome activation outside of the pancreatic islets 
may also contribute to elevated IL-18, insulin 
resistance, and T2DM progression. 
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secretion during hyperglycemia, establishes a 
vicious cycle that drives the progression from 
insulin resistance to T2DM (Fig. 3). TXNIP is 
implicated as a disease-driver in both pancreatic 
islets and the periphery: TXNIP mediates 
glucose-induced cell death in islets and antago- 
nizes glucose uptake in the periphery (38, 39). 
The available data suggest a model in which 
hyperglycemia induces, whereas insulin signaling 
suppresses, TXNIP expression. Thus, the high- 
glucose and low-insulin signaling state in T2DM 
results in elevated TXNIP expression in both 
pancreatic islets and the periphery. High TXNIP 
expression within the islet sensitizes the cells to 
TXNIP-dependent cell death and NLRP3 inflam- 
masome activation, whereas high TXNIP expres- 
sion in the periphery further antagonizes glucose 
uptake and contributes to hyperglycemia. A major 
open question is whether extra-pancreatic tissues 
under metabolic stress (e.g., chronic hyper- 
glycemia) drive NLRP3 inflammasome activa- 
tion and IL-18 production in a manner similar to 
that of pancreatic islets, to contribute to IL-1p— 
dependent insulin resistance within tissues. The 
potential cooperation of TXNIP and NLRP3 in 
glucose-dependent inflammasome activation 
outside of the pancreatic islet awaits clarification 
and future research. 


Concluding Remarks 


T2DM manifests when blood glucose levels 
become so unbalanced, because of high nutrient 
consumption and poor peripheral glucose uptake, 
that the compensatory functions of pancreatic 8 cells 
become overwhelmed. Studies of IL-1f—deficient 
mice demonstrate that IL-1B has important homeo- 
static functions in glucose tolerance that may be 
linked to the ability of acute, low-dose IL-1B to 
stimulate pancreatic 8 cell proliferation and insulin 
secretory function. Furthermore, IL-1B suppresses 
appetite (49). Thus, glucose-dependent IL-18 secre- 
tion may be an important physiological com- 
pensatory mechanism for the maintenance of 
normoglycemia. Chronic elevation of IL-1 in 
T2DM, however, suggests a pathological role 
for IL-1B in disease progression. In gout, 
NLRP3-dependent IL-1 production in response 
to metabolic stress in the form of MSU is a 
well-established driver of disease. The evidence 


presented in this review suggests that NLRP3- 
dependent IL-18 production during metabolic 
stress, in this case chronic hyperglycemia, may 
also contribute to the progression of T2DM. 
This new hypothesis should be the focus of 
future investigations into the disease-driving 
mechanisms of T2DM. In support of a patho- 
logical role for the NLRP3 inflammasome in 
T2DM, the antidiabetic drug, glibenclamide, which 
is used to stimulate B cell insulin secretion, also 
suppresses glucose-induced inflammasome activa- 
tion and downstream IL-1B release (13, 50, 51). 
Furthermore, antagonists of IL-1 or its receptor 
are proving highly effective for the treatment of 
T2DM in both mouse models and human 
clinical trials. The recent finding that the 
NLRP3 inflammasome forms a nexus linking 
TXNIP, oxidative stress, and IL-1 production 
during metabolic stress provides new avenues 
for research and therapy for T2DM, a disease 
often described as the next global pandemic. 
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Hungry Codons Promote Frameshifting 
in Human Mitochondrial Ribosomes 


Richard Temperley,* Ricarda Richter,* Sven Dennerlein, Robert N. Lightowlers, 


Zofia M. Chrzanowska-Lightowlerst 


ibosome frameshifting, although rare, 
R= occur in mitochondrial (mt) trans- 
ation systems with interrupted open 
reading frames (ORFs) (/), but all human mt- 
ORFs are unbroken. However, we show that 
human mitoribosomes do invoke 
—1 frameshift at the AGA and 
AGG codons predicted to termi- A 
nate the two ORFs in MTCO/ and 
MTND6, respectively. As a conse- 
quence, both ORFs terminate in 
the standard UAG codon, neces- 
sitating the use of only a single 
mitochondrial release factor (2). 
Frameshifting could be pro- 
moted by (i) paused mitoribosomes 
on AGA or AGG triplets, because 
no mt-tRNAs exist that recognize 
these codons; (ii) upstream “slip- 
pery” sequences that are poorly de- 
fined in human mt-mRNA; or (iti) 
a downstream stable secondary 
structure predicted for both MTCO1 
and MTND6 (fig. S1) (3). To dem- 
onstrate that —1 frameshifting oc- Cc 
curs in human mitochondria, we 


MTCOI 


MTCOII 


MTND5 


and markedly so for MTCO/ (Fig. 1A, lanes 2 
and 4), indicating both recognition and cleavage 
by mtRelE. 

Northern analysis could not resolve whether 
the short 3’ untranslated regions (3’/UTRs) 


123 4 


5 IX /\ 


containing MTATP8/6 (RNAI4) and one 
MTND4L/4 (RNA7). Cleavage at the stop codon 
of the upstream ORF would release an RNA with 
a 5'-truncated downstream ORF. As with 
MINDS, novel species were detected on mtRelE 
expression. This was particularly apparent for 
RNA14, where MTATPS8 terminates in UAG, a 
preferred stop codon for RelE (Fig. 1A). 

Fine mapping was performed on MTCO2 
and the 5’ truncated site of MTATP6 in the 
bicistronic RNA/4 (fig. S3). This revealed 
mtRelE cleavage in the UAG termination codon 
uniquely between nucleotides 2 and 3 before 
readenylation. This result therefore allowed 
us to determine unequivocally whether termin- 
ation of 
MTCO! occurred at the AGA or UAG codon; 


e & AGA termination codon would result 

aw" ae gv ook in-AAAAUCUAGA,, whereas UAG 
siRNA C 1a © ta re would produce -AAAAUCUAA,, On 
sequencing, 10 clones from control 

[+see] NDS cells reflected full-length 3'UTR 
COX! containing MT COL transcripts; two 

[se5| oy b were eenons in the antisense 
MH ND2 tRNA”, a commonly identified 

a expressed sequence tag. This species 

“#89: f poe was also found in two of the mtRelE 
ATP6 samples. However, all the remain- 

ND6 ing 33 mtRelE clones terminated in 

* ND3 —-AAAAUCUA followed by read- 

enylation (Fig. 1C), signifying that 

“ae. ND4L MTCO1 terminates at UAG rather 
mrs than AGA. These data suggest that 


mtRF la is sufficient to terminate all 
13 human mt-ORFs. 
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Adaptive Evolution of Pelvic Reduction 
in Sticklebacks by Recurrent Deletion 


of a Pitx? Enhancer 


Yingguang Frank Chan,** Melissa E. Marks,’t Felicity C. Jones,” Guadalupe Villarreal Jr.,’+ 
Michael D. Shapiro,7§ Shannon D. Brady,” Audrey M. Southwick,” Devin M. Absher,? 

Jane Grimwood,? Jeremy Schmutz,> Richard M. Myers,? Dmitri Petrov,* Bjarni Jonsson,” 
Dolph Schluter,® Michael A. Bell,’ David M. Kingsley*|| 


The molecular mechanisms underlying major phenotypic changes that have evolved repeatedly 
in nature are generally unknown. Pelvic loss in different natural populations of threespine 
stickleback fish has occurred through regulatory mutations deleting a tissue-specific enhancer of 
the Pituitary homeobox transcription factor 1 (Pitx1) gene. The high prevalence of deletion 
mutations at Pitx1 may be influenced by inherent structural features of the locus. Although Pitx1 
null mutations are lethal in laboratory animals, Pitx1 regulatory mutations show molecular 
signatures of positive selection in pelvic-reduced populations. These studies illustrate how major 
expression and morphological changes can arise from single mutational leaps in natural 
populations, producing new adaptive alleles via recurrent regulatory alterations in a key 


developmental control gene. 


long-standing debates about the number 
and type of genetic alterations that under- 
lie evolutionary change. Questions about the roles 
of genetic changes of infinitesimally small versus 
large effects, the origin of traits by either natural 
selection or genetic drift, and the relative impor- 
tance of coding and regulatory changes in evo- 
lution are currently being actively investigated 
(1-4). One of the classic examples of major 
evolutionary change in vertebrates is the exten- 
sive modification of paired appendages seen in 
different species (5). Although essential for many 
forms of locomotion, paired appendages have 
also been repeatedly lost in some fish, amphibian, 
reptile, and mammalian lineages, probably via 
selection for streamlined body forms (6). 
Threespine stickleback fish (Gasterosteus 
aculeatus) make it possible to analyze the evo- 
lution, genetics, and development of major skel- 


oe biology has been animated by 


Department of Developmental Biology and Howard Hughes 
Medical Institute, Stanford University, Stanford, CA 94305, 
USA. Stanford Human Genome Center, Stanford Univer- 
sity, Stanford, CA 94305, USA. 3HudsonAlpha Institute, 
Huntsville, AL 35806, USA. ‘Department of Biology, Stan- 
ford University, Stanford, CA 94305, USA. Institute of 
Freshwater Fisheries, S@@mundargata 1, 550 Sauddrkrokur, 
Iceland. “Department of Zoology, University of British Co- 
lumbia, Vancouver, British Columbia V6T 124, Canada. 
7Department of Ecology and Evolution, Stony Brook Uni- 
versity, Stony Brook, NY 11794, USA. 


*Present address: Max Planck Institute for Evolutionary Bi- 
ology, 24306 Plén, Germany. 

tPresent address: University of Chicago, Chicago, IL 60637, 
USA. 

fPresent address: Harvard Medical School, Boston, MA 
02115, USA. 

§Present address: University of Utah, Salt Lake City, UT 
84112, USA. 

IITo whom correspondence should be addressed. E-mail: 
kingsley@stanford.edu 


15 JANUARY 2010 


etal changes in natural populations (7). The pelvic 
apparatus of marine sticklebacks consists of prom- 
inent serrated spines that articulate with an under- 
lying pelvic girdle that extends along the ventral 
and lateral sides of the fish (inspiring the scien- 
tific name Gasterosteus aculeatus, or bony stom- 
ach with spines). Although most sticklebacks 
develop a robust pelvic apparatus, over two dozen 
widely distributed and probably independent fresh- 
water stickleback populations show partial or com- 
plete loss of pelvic structures (8). Several factors 
may contribute to repeated evolution of pelvic 
reduction, including the absence of gape-limited 
predatory fish, limited calcium availability, and 
predation by grasping insects (9-/2). 
Genome-wide linkage mapping has identified 
a single chromosome region that explains more 


Fig. 1. Alleles of Pitx1 from pelvic-complete 
(FRIL and LITC) and pelvic-reduced popula- 
tions (PAXB) were combined in F1 hybrids, 
and brain and pelvic tissues were isolated 
so as to compare the expression of either 
the LITC or PAXB allele normalized to the 
level of expression of the FRIL allele in the 
same trans-acting environment. Expression 
of the PAXB Pitx1 allele is greatly reduced 
in the pelvis but not the head of F1 hybrids 
(two-tailed t test, P < 0.0001), indicating a 
tissue-specific, cis-regulatory change in the 
Pitx1 locus. 


normalized 
expression 


—ia LITC 


than two thirds of the variance in pelvic size in 
crosses with pelvic-reduced sticklebacks (/3—/5). 
This region contains Pituitary homeobox 1 (Pitx1), 
a gene expressed in hindlimbs but not forelimbs 
of many different vertebrates and required for 
normal hindlimb development (/3). Although the 
Pitx] gene of pelvic-reduced sticklebacks shows 
no protein-coding changes as compared with that 
of ancestral marine fish, its expression in the de- 
veloping pelvic region is almost completely lost 
(73, 16). On the basis of the map location, changes 
in expression, and directional asymmetry shared in 
both Pitc/-null mice and pelvic-reduced stickle- 
backs, cis-regulatory mutations at the Pitc/ locus 
have been proposed as the basis of stickleback 
pelvic reduction (/3). However, regulatory muta- 
tions are difficult to identify, and the actual se- 
quences controlling pelvic reduction have remained 
hypothetical (2). 

cis-regulatory changes at Pitx1 locus. Although 
Pitc1 represents a strong candidate gene for pelvic 
reduction, other genes in the larger chromosome 
region could be the real cause of pelvic loss, lead- 
ing to secondary or trans-acting reduction of Pitx/ 
expression (2). To test this possibility, we gener- 
ated F1 hybrids between pelvic-complete [Friant 
Low (FRIL) and pelvic-reduced (Paxton Lake 
Benthic (PAXB)] sticklebacks [see table S1 for 
geographic location of all populations used in 
this study (/7)]. Fl hybrid fish develop pelvic 
structures and contain both Pitx/ alleles in an 
identical trans-acting environment. The PAXB 
allele was expressed at significantly lower levels 
than the FRIL allele in the restored pelvic tissue 
of Fl hybrids (n = 19 individuals, two-tailed t 
test, P < 0.001) (Fig. 1). Reduced expression of 
the PAXB allele was tissue-specific because both 
Pitx] alleles were expressed at similar levels in F1 
hybrid head tissue. As a control, we generated F1 
hybrids between two pelvic-complete popula- 
tions [FRIL and Little Campbell River (LITC)] 
(Fig. 1). In this cross, both Pitr/ alleles were 
expressed at comparable levels in both heads and 
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pelves. Allele-specific down-regulation of Pitx/ 
in the FRIL x PAXB cross shows that pelvic- 
specific loss of Pitc] expression is due to cis- 
regulatory change (or changes) at Pitx/ itself and 
not to overall failure of pelvic development or 
changes in unknown trans-acting factors. 

Fine mapping of pelvic regulatory region. 
To further localize the position of the cis-acting 
changes, we looked for the smallest chromo- 


some region co-segregating with bilateral ab- 
sence of pelvic structures in a cross between 
pelvic-complete [Japanese marine (JAMA) and 
pelvic-reduced (PAXB) fish (/3)]. High-resolution 
mapping identified a 124-kb minimal interval, 
containing only the Pitv/ and Histone 2A (H2AFY) 
genes, which showed perfect concordance be- 
tween PAXB alleles and absence of the pelvis 
(fig. SLA). 
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Fig. 2. (A) VISTA/mLAGAN (http://genome.lbl.gov/vista/) alignment of Pitx1 candidate region from 
pelvic-complete stickleback (SALR), medaka, and zebrafish. Red peaks indicate >40% sequence 
identity in 20-bp sliding windows; grey bars at top indicate repetitive sequences; and circles indicate 
microsatellite markers used in association mapping in fig. $1. (B) Reporter gene expression in transgenic 
animals. (C) Pel-2.5-kb*"'® from a marine population drives tissue-specific EGFP (green) expression in 
the developing pelvic bud of Swarup stage-32 larvae (36). (F) Detail of (C). (D and G) Altered Pel-A2.5- 
kbPAX® sequence from pelvic-reduced PAXB stickleback fails to drive pelvic EGFP expression. (E and H) A 
smaller fragment from marine fish, Pel-501-bp*™“®, also drives EGFP expression in the developing pelvic 
bud of multiple stage-30 larvae. This region is completely missing in PAXB. 
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Fig. 3. (A) Juvenile pelvic-reduced BEPA stickleback expressing a Pitx1 transgene driven by the Pel- 
2.5-kb>"'® enhancer compared with (B) uninjected sibling. External spines form only in transgenic fish 
(arrowhead). (C and D) Alizarin red—stained pelvic structures of adult transgenic fish compared with 
BEPA parental phenotype. BEPA fish normally develop only a small ovoid vestige (OV) of the anterior 
pelvic process (AP). Transgenic fish show clear development of the AP, ascending branch (AB), and 
posterior process (PP) of the pelvis, and a prominent serrated pelvic spine. Pectoral fin (PF) rays 
develop in both fish. 
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Recombination in natural populations can also 
be used to narrow the size of regions controlling 
polymorphic traits in sticklebacks (/8). We there- 
fore tested whether markers in the Pitx/ region 
were associated with the presence or absence of 
pelvic structures in lakes with dimorphic stickle- 
back forms: benthic and limnetic sticklebacks from 
Paxton Lake, British Columbia (PAXB/PAXL), 
and pelvic-complete and pelvic-reduced stickle- 
backs from Wallace Lake, Alaska (WALR/WALC) 
(fig. S2) (13, 14). Microsatellite markers located 
in an intergenic region approximately 30 kb up- 
stream of Pitx] showed highly significant allele 
frequency differences in fish with contrasting pel- 
vic phenoytpes (P < 10 *°) (Fig. SIB and table 
82). In contrast, markers around the Pitr/ and 
H2AFY coding regions showed little or no differ- 
entiation above background levels. These results 
suggest that an approximately 23-kb intergenic 
region upstream of Pitx] controls pelvic devel- 
opment. This region is conserved among zebra- 
fish and other teleosts (Fig. 2A), suggesting that 
it may contain ancestrally conserved regulatory 
enhancers. 

A small enhancer drives pelvic expression 
of Pitx1. To test for regulatory functions in the 
Pitx1 intergenic region, we cloned different sub- 
fragments upstream of a basal promoter and en- 
hanced green fluorescent protein (EGFP) reporter 
gene (Fig. 2B) (79). The hsp70 promoter drives 
modest or no EGFP expression except in the eye 
(19). A construct containing a 2.5-kb fragment 
from a marine, pelvic-complete fish [Salmon River 
(SALR)] drove consistent EGFP expression in 
the developing pelvic region of transgenic stick- 
lebacks (four of five independent transgenics) 
(Fig. 2, C and F). A smaller 501—base pair (bp) 
subfragment also drove highly specific pelvic 
expression (seven of nine transgenics) (Fig. 2, E 
and H). No consistent expression was seen in 
pectoral fins or other sites of normal Pitx/ ex- 
pression, including the mouth, jaw, and pituitary 
(13, 16). Thus, the noncoding region upstream 
of Pitx] contains a tissue-specific enhancer for 
hindfin expression, which we term “Pel.” Pel 
shows sequence conservation across distantly re- 
lated teleost fish (Fig. 2A and fig. S3) and contains 
multiple predicted transcription factor binding sites 
that might contribute to spatially restricted expres- 
sion in the developing pelvic region (fig. S4). 

Transgenic rescue of pelvic reduction. If reg- 
ulatory changes in Pitx/ underlie pelvic reduc- 
tion in sticklebacks, restoring pelvic expression of 
Pitx1 should rescue pelvic structures. We cloned 
the 2.5-kb Pel region from a pelvic-complete pop- 
ulation (SALR) upstream of a Pitc] minigene 
that was prepared from coding exons of a pelvic- 
reduced fish [Bear Paw Lake (BEPA)] (/4). The 
rescuing construct was injected into fertilized eggs 
of BEPA fish, which normally fail to develop 
any pelvic spine and show no more than a small 
vestigial remnant of the underlying pelvic girdle 
(pelvic score < 3) (Fig. 3, B and D, and fig. S5) 
(12). Transgenic fry showed variable but enhanced 
development of external pelvic spines as com- 
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pared with those of control uninjected siblings 
(clutch 1, n = 16 injected and 11 uninjected fish, 
Wilcoxon rank-sum test, W = 1073.5, P < 0.01; 
clutch 2, n = 4 injected and 18 uninjected fish, 
W=513, P<2.3x10 °) (Fig. 3A). Alizarin red 
skeletal preparations of two adult transgenic fish 
revealed prominent serrated spines articulating 
with an enlarged, complex pelvic girdle contain- 
ing anterior, posterior, and ascending branch struc- 
tures (Fig. 3C and fig. S5, pelvic score summary). 
These data provide functional evidence that Pel- 
Pitx] is a major determinant of pelvic formation 
in sticklebacks. 

Nature of mutations in pelvic-reduced fish. 
Bacterial artificial chromosome sequencing from 
the PAXB population identified a 1868-bp dele- 
tion present in the Pe/-2.5-kb region (fig. S7). We 
cloned the PAXB-deleted variant and found that 
it no longer drove expression in the developing 
pelvis (zero out of eight transgenic animals) (Fig. 
2, D and G), confirming that the molecular dele- 
tion in PAXB fish disrupts Pe/ enhancer function. 

We also identified a second 757-bp deletion 
present in the pelvic-reduced BEPA population 
from Alaska and a third deletion of 973 bp present 
in the Hump Lake, Alaska, pelvic-reduced pop- 
ulation (HUMP). The three different deletions in 
PAXB, BEPA, and HUMP overlap in a 488-bp 
region, each partially or completely removing the 
sequences found in the Pe/-501-bp enhancer (Fig. 
4A and figs. S4, S7, and S8). 

To investigate whether a general mechanism 
and/or shared variants underlie repeated pelvic 
reduction in sticklebacks, we genotyped PAXB, 
BEPA, HUMP, and 10 additional pelvic-reduced 
populations from disparate geographic locations, 
as well as 21 pelvic-complete populations, using 
149 single-nucleotide polymorphisms (SNPs) span- 
ning 321 kb around the Pitx/ locus (approximately 
2-kb spacing) (fig. S8 and tables S1 and S3). Nine 


of the 13 pelvic-reduced stickleback populations— 
but zero out of 21 pelvic-complete populations— 
showed consistent missing genotypes for multiple 
consecutive SNP markers located in and around 
the Pel enhancer (two-tailed ¢ test, P< 0.001, df = 
12.279) (Fig. 4A, fig. S8, and tables S4 and S5). 
For the PAXB, BEPA, and HUMP populations, 
the SNPs corresponding to the missing genotypes 
fall within the known deletion endpoints from 
DNA sequencing. The larger genotyping survey 
identified a total of nine different haplotypes with 
different staggered deletions, each consistently seen 
within a pelvic-reduced population, and each over- 
lapping or completely removing the Pe/ enhancer 
region (Fig. 4 and fig. S8). 

Fragile sites. Several features suggest that 
Pitx1 may be located within a fragile region of 
the genome: The gene is located at the telomeric 
end of linkage group 7; the region contains many 
repeats and failed to assemble in the stickleback 
genome; the enhancer region is difficult to am- 
plify and sequence; and close inspection of the 
deletion boundaries in PAXB and BEPA revealed 
short 2- or 3-bp sequence identities present on 
both sides, one of which is retained after deletion 
(Fig. 4A and fig. S7A). Similar nested deletions 
and small sequence identities may occur by means 
of re-ligation of chromosome ends after breakage 
and repair by nonhomologous end joining (NHEJ) 
(fig. S7B) (20, 2). In humans, NHEJ is associated 
with stalled replication forks at fragile chromo- 
somal sites, which also are frequent in subtelo- 
meric regions (2/). Fragile sites are also enriched 
in sequences with high DNA flexibility, which is 
a physical property that can be calculated from 
known twist angles between different stacked 
DNA base pairs (20). DNA flexibility analysis of 
PitxI and the entire assembled stickleback ge- 
nome showed a median flexibility score of 265 
with a tail of extreme values. Four of the top 10 


flexibility scores in the genome occur in the Pitr/ 
region, suggesting that this region is exception- 
ally flexible and may be prone to deletion 
(Wilcoxon rank sum = 59,624, P < 2 x 10°) 
(Fig. 4C). 

Signatures of selection. Recurring deletions 
could explain how pelvic-reduction alleles arise 
repeatedly in widespread isolated populations. To 
test whether pelvic-reduction alleles have also 
been subject to positive selection, we looked for 
molecular signatures that commonly accompany 
selective sweeps, including reduced heterozygosity 
and an overrepresentation of derived alleles (22). 
Patterns of allelic variation showed an excess of 
derived alleles near the Pe/ enhancer region of 
pelvic-reduced populations, as indicated by nega- 
tive values of Fay and Wu’s H statistic (Fig. 5A 
and fig. S9A) (23). We also observed a signifi- 
cant reduction in heterozygosity at or near the Pel 
enhancer in pelvic-reduced populations as com- 
pared with marine populations (two-tailed ¢ test, 
P<0.01) (Fig. 5, B and C). This reduction cannot 
be solely explained by population bottlenecks that 
occurred during freshwater colonization because 
heterozygosity reduction near Pel is specific to 
pelvic-reduced, but not pelvic-complete, fresh- 
water populations (two-tailed ¢ test, P < 0.002) 
(Fig. 5, B and C). In flanking regions of Pitx/, 
and in unlinked control loci, we observed no sig- 
nificant difference in heterozygosity between fresh- 
water fish with a complete or missing pelvis (Fig. 
5C). Pelvic-reduced populations were significantly 
more likely to exhibit minimum heterozygosity 
close to the Pe/ enhancer region than either ma- 
rine or freshwater populations with a robust pel- 
vis (two-tailed ¢ test, P < 0.002) (fig. S9F). The 
local heterozygosity and H statistic minima around 
the Pel enhancer region suggest that changes in 
this region have been selected in pelvic-reduced 
stickleback populations. 
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Fig. 4. (A) SNP genotyping in additional pelvic-reduced populations identifies 


nine different deletions that overlap in a 488-bp region. Triangles indicate SNP 
markers; gray bars indicate putative deleted regions flanked by two failed SNP 


genotypes; dark blue bars indicate regions flanked by two successful SNP geno- 
types; light blue bars indicate regions with successful genotypes only on one 


side; red bars indicate positions of Pel-2.5-kb and Pel-501-bp enhancers. 


Apparent deletions were confirmed by means of sequencing in populations 4, 6, 


and 7, with the size of deletions indicated on the right, and micro-homologies of 
2 to 3 bp at deletion junctions shown in red. (B) Location of populations 


surveyed. (C) TwistFlex (20) prediction of highly flexible DNA regions (red circles) 
in Pitx1 locus (Pel region score is 3263) compared with the frequency 
distribution of flexibility scores in the rest of the stickleback genome (median 
score is 265). The area of the red circles is proportional to the flexibility score. 
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Discussion. Traditional theories of evolution 
posit that adaptation occurs through many muta- 
tions of infinitesimally small effect. In contrast, 
recent work suggests that mutation effect sizes 
follow an exponential distribution, with mutations 
of large effect contributing to adaptive change in 
nature (/). We narrowed the candidate interval 
for a pelvic quantitative trait locus with large ef- 
fects in sticklebacks to the noncoding region up- 
stream of Pitx/ and identified a tissue-specific 
enhancer for pelvic expression that has been func- 
tionally inactivated in pelvic-reduced fish. Reintro- 
duction of the enhancer and Pitv/ coding region 
can restore formation of pelvic structures in derived 
populations that appear to be monomorphic for pel- 
vic reduction. The combined data from mapping, 
expression, molecular, transgenic, and population 
genetic studies illustrate how major morphological 
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Fig. 5. (A and B) Fay and Wu’s H and relative 
heterozygosity (0,) statistics across the Pitx1 re- 
gion. Blue (freshwater pelvic-reduced) and green 
(freshwater pelvic-complete) data points and lo- 
cally weighted scatterplot-smoothed (a = 0.2) 
line indicate the behavior in each group. The Pel- 
containing regulatory region of Pitx1 [gray 
candidate region (fig. S1B)] shows both negative 
H values, indicating an excess of derived alleles, 
and reduced heterozygosity in pelvic-reduced fish, 
which is consistent with positive selection. 6, val- 
ues are plotted relative to the grouped marine 
mean (per SNP) in order to control for variation in 
ascertainment between SNPs. (C) Heterozygosity 
(6,,) from different genomic regions, grouped by 
population type. Freshwater fish show a general 
decrease in heterozygosity across both Pitx1 and 
control loci as compared with that of marine fish 
(red bars), as is expected from founding of new 
freshwater populations from marine ancestors. In 
the Pel enhancer region, but not in Pitx1-flanking 
regions or in control loci, pelvic-reduced fresh- 
water populations (blue bars) show even lower 
heterozygosity than pelvic-complete freshwater 
populations (green bars) (**P < 0.01). 
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evolution can proceed through a regulatory change 
in a key developmental control gene. 

Large evolutionary differences that map to a 
particular locus can still be caused by many linked 
small-effect mutations that have accumulated in 
that gene (24, 25). However, we find that pelvic- 
reduction in sticklebacks maps to a type of DNA 
lesion that may produce a large regulatory change 
in a single mutational leap: deletions that com- 
pletely remove a regulatory enhancer. Smaller 
functional lesions might be found in some pelvic- 
reduced populations, including four populations 
without obvious deletions. However, three of these 
populations show unusual morphological features, 
suggesting that their pelvic loss may have oc- 
curred through non—Pit:/-mediated mechanisms 
(8, 26). 

The Pitx] locus scores as one of the most 
flexible regions in the stickleback genome, which 
may reflect a susceptibility to double-stranded 
DNA breaks and repair through NHEJ (27-29). 
We hypothesize that sequence features in the Pitx] 
locus may predispose the locus to structural changes, 
possibly explaining the high prevalence of indepen- 
dent deletion mutations fixed in different pelvic- 
reduced stickleback populations. A similar spectrum 
of independent small-deletion mutations has been 
seen at the vernalization I locus of plants (30), 
suggesting that recurrent deletions in particular 
genes may also contribute to parallel evolution of 
other phenotypes in natural populations. 

Mutations in developmental control genes are 
often deleterious in laboratory animals, leading to 
long-standing doubts about whether mutations in 
such genes could ever be advantageous in nature 
(3). Although Pitx/ coding regions are lethal in 
mice (32), we find clear signatures of positive se- 
lection in the Pitx/ gene of pelvic-reduced stick- 
lebacks. Before this work, the primary evidence 
that pelvic reduction might be adaptive in stick- 
lebacks came from repeated evolution of similar 
phenotypes in similar ecological environments and 
the temporal sequence of pelvic reduction in fossil 
sticklebacks (//, 12, 33). The molecular signa- 
tures of selection we have identified in the current 
study are centered on the tissue-specific Pe/ en- 
hancer region rather than the Pitx/ coding region. 
Regulatory changes in developmental control genes 
have often been proposed as a possible basis for 
morphological evolution (3, 34). However, many 
proposed examples of regulatory evolution in wild 
animals have not yet been traced to particular se- 
quences (2) or do not show obvious molecular 
signatures of selection in natural populations (35). 
Identification of the Pe/ enhancer underlying pel- 
vic reduction in sticklebacks connects a major 
change in vertebrate skeletal structures to specif- 
ic DNA sequence alterations and provides clear 
evidence for adaptive evolution surrounding the 
corresponding region in many different wild 
populations. 
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Direct Imaging of Bridged Twin 
Protoplanetary Disks in a Young 


Multiple Star 
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Studies of the structure and evolution of protoplanetary disks are important for understanding star 
and planet formation. Here we present the direct image of an interacting binary protoplanetary 
system. Both circumprimary and circumsecondary disks are resolved in the near-infrared. There is a 
bridge of infrared emission connecting the two disks and a long spiral arm extending from the 
circumprimary disk. Numerical simulations show that the bridge corresponds to gas flow and a 
shock wave caused by the collision of gas rotating around the primary and secondary stars. Fresh 
material streams along the spiral arm, consistent with the theoretical scenarios in which gas is 


replenished from a circummultiple reservoir. 


ur understanding of star and planet for- 
()= has advanced greatly in the past 

two decades. It has been established that 
stars form with surrounding protoplanetary disks 
with radii that reach up to several hundreds of 
astronomical units (AU) (1 AU is the distance 
between the Sun and Earth) (/). Planets are 
believed to form from these disks. The structure 
of protoplanetary disks has been intensively 
studied at various radiation wavelengths (2). 
Although our understanding of the formation 
mechanism of a single star has advanced con- 
siderably (2), that of binaries has many unex- 
plained questions. Studies of protoplanetary disks 
in multiple systems are essential for describing the 
general processes of star and planet formation, 
because most stars form as multiples (3, 4). 

The transformation of a circumstellar disk 
into a planetary system can be inhibited if the 
local environment is sufficiently hostile to se- 
verely disturb or destroy the disk. A common 
example is dynamical disruption caused by 
another star in a multiple system. In a binary 
system, both the primary and secondary stars 
orbit each other and respectively have circum- 
primary and circumsecondary disks; the entire 
system can be surrounded by a circumbinary 
disk. Numerical simulations demonstrate that the 
stability of a protoplanetary disk in a multiple 
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system is seriously jeopardized (5). In simula- 
tions, despite the dynamical interactions between 
disks and stars, individual circumstellar disks can 
survive and large gaps are produced in the cir- 
cumbinary disk. A circumbinary disk can supply 
mass to the circumstellar disks through a gas 
stream that penetrates the disk gap without clos- 
ing it. Therefore, this infalling material through 
the spiral arm plays an important role in the 
formation of circumstellar disks. 

However, such circummultiple disks and spiral 
arms in multiple systems have rarely been directly 
imaged or resolved to date. We investigated the 
geometry of a young multiple circumstellar disk 
system, SR24, to understand its nature based on 
observations and numerical simulations. SR24 is 
a hierarchical multiple, located 160 pe away in 
the Ophiuchus star-forming region (6-8). It is 
composed of the low-mass T Tauri type stars 
SR24S (the primary) and SR24N (the second- 
ary). SR24S is a class II source [with a stellar age 
of 4 million years (9)] of spectral type K2 with 
mass >1.4 times the mass of the Sun (/,) (0). 
SR24N is located 810 AU north of SR24S (/0) 
and is itself a binary system composed of 
SR24Nb and SR24Nc, with a projected separa- 
tion of 30 AU (/0). The spectral type and mass of 
SR24Nb are K4-M4 and 0.61 Mo, respectively 
(10). Those of SR24Nc are K7-M5 and 0.34 Mo 
(10). Because the separation between SR24Nb 
and SR24Nc is comparable to the angular reso- 
lution and is much smaller than that between 
SR24N and SR24S, we consider SR24Nb and 
SR24Nc together as SR24N with mass 0.95 Mo. 
Accordingly, we regard the SR24 system as a 
binary with a primary-to-secondary mass ratio of 
0.68, assuming the mass of SR24S to be 1.4 Mo. 

We obtained an infrared (IR) image of SR24 
with the adaptive optics (AO) (//) coronagraph 
CIAO (/2) mounted on the 8.2-m Subaru 
Telescope on July 2006. (Fig. 1, left) (73). The 
image reveals faint near-IR nebulosity at a resolu- 


tion of 0.1 arc sec. The emission arises from dust 
particles mixed with gas in the circumstellar 
structures scattering the stellar light. Both the 
circumprimary and circumsecondary disks are 
clearly resolved. The primary disk has a radius of 
420 AU and is elongated in the northeast- 
southwest direction. The secondary disk has a 
radius of 320 AU and is elongated in the east- 
west direction. Both disks overflow the inner 
Roche lobes (dotted contours in Fig. 1), which 
show the regions gravitationally bound to each 
star, suggesting that the material outside the lobes 
can fall into either of the inner lobes. A curved 
bridge of emission is seen (/4), connecting the 
primary and secondary disks. This emission be- 
gins southeast of the secondary disk, extends to 
the south while curving to the west, and reaches 
the north edge of the primary disk. This suggests 
a physical link, such as a gas flow between the 
two disks. Another salient feature is a broad arc 
starting from the southwestern edge of the pri- 
mary disk, extending to the southeast through 
the Lagrangian point L3. Its tail is at least 1600 
AU from SR24S. This emission is most likely a 
spiral arm, and that would suggest that the SR24 
system rotates counterclockwise. The orbital pe- 
riod of the binary is 15,000 years. The arm would 
also imply replenishment of the twin-disk gas 
from the circumbinary disk. The bridge and spiral 
arm appear to form a connected S-shaped emission. 

We performed two-dimensional (2D) numer- 
ical simulations of accretion from a circumbinary 
disk to identify the features seen in the corona- 
graphic image (/3) (Fig. 1, right). We assumed 
that the mass of SR24S is 1.4 Mo and, for 
simplicity, that the orbit is circular. Although the 
gas flow was not stationary, especially inside the 
Roche lobes, the stage of the 2D simulations 
shown in Fig. 1 shared common features with the 
observed image. A bridge was seen connecting 
the primary and secondary disks. It ran through 
the Lagrange point L1. A long spiral arm ran 
through Lagrange point L3, with a pitch angle 
consistent with that of the observed spiral arm. 
These agreements between observation and sim- 
ulation suggest that the bridge corresponds to 
gas flow and a shock wave caused by the collision 
of gas rotating around the primary and secondary 
stars. The arm corresponds to a spiral wave ex- 
cited in the circumbinary disk. The bridge and 
spiral arm seen in the simulations are wave 
patterns, and their shapes fluctuate with time. 
The reproduced direction of the bridge in the 2D 
simulation is not consistent with that of the ob- 
served bridge structure. 

The effective reflectivity of SR24 (/5) (Fig. 2, 
left panel) is defined by 


-1 
y = 40S */+%/,) 
's TN 


where S denotes the observed surface brightness, 
fs and rg are the brightness of SR24S and the 
projected distance to SR24S on the sky plane, 


(1) 
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respectively, and fx and ry are the brightness and 
distance to SR24N, respectively. fg and fy are 513 
and 301 mJy, respectively (16). Thus, the denom- 
inator of Eq. 1 denotes the local radiation flux at 
the reflector and is normalized so that the effective 
reflectivity is nondimensional. The effective reflec- 
tivity is expected to be proportional to the product 
of the reflection efficiency and irradiation angle of 
the reflector when the reflector surface is nearly 
tangential to the radiation from the light sources. 


Fig. 1. Observed and simulated images of the 
young multiple star SR24. (A) H-band (1.6-um) 
coronagraphic image of SR24 after point spread 
function (PSF) subtraction of SR24S and SR24N. 
The total integration time was 1008 s. The length of 
the bar indicates 500 AU or 3.1 arc sec. The unit of 
the color bar is mJy/arc sec’. North is up, and east is 
toward the left. The edges of the image (east, 2.7 
arc sec region; west, 5.1 arc sec region; north, 3.6 
arc sec region; and south, 2.3 arc sec region) were 
trimmed away because no emission was seen on 
these regions. The PSFs of the final images have 
sizes of 0.1 arc sec (full width at half maximum) for 
the H band. The inner and outer Roche lobes are 
overlaid on the Subaru image as dotted and dashed 
lines, respectively. L1, L2, and L3 represent the 
inner Lagrangian point, outer Lagrangian point on 
the secondary side, and outer Lagrangian point on 
the primary side, respectively. (B) Snapshot of 
accretion onto the binary system SR24 based on 2D 
numerical simulations. The color and arrows denote 
the surface density distribution and velocity 
distribution, respectively. In the simulations, we 
treated SR24 as a binary system composed of 
SR24S and SR24N instead of a triple system 
composed of SR24S, SR24Nb, and SR24Nc. In the 
simulation, the SR24 system rotated counter- 
clockwise as suggested by the morphology of the 
spiral arm. 


Fig. 2. Effective reflectivity and H-optical images of 
SR24. The length of the bar indicates 500 AU or 3.1 
arc sec. North is up, and east is toward the left. The 
emission indicated by the purple ring is a ghost. (A) 
Effective reflectivity of SR24 as defined by Eq. 1. (B) 
Ratio of magnitudes at 1.6 4m (H band) and 0.61 
um (optical) of SR24. We retrieved the optical 
image from the Hubble Space Telescope archive; it 
was obtained by the Wide Field and Planetary 
Camera 2 on 28 May 1999, with a total integration 
time of 500 s. A large ratio of H-band—to—optical 
magnitude is denoted by red, and a small ratio is 
denoted by blue. 
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We compared the reflection efficiency at the 
H band relative to that at the optical wavelengths 
(Fig. 2, right panel). The northeast sides of both 
disks have higher relative efficiencies, implying 
that the reflection at the H band is less efficient in 
the arm and in the southwest side of the primary 
disk. This inefficiency may be due to a smaller 
optical depth in the arm. 

The effective reflectivity ranges from 0.02 
to 0.07 in the disks, suggesting that they are geo- 


metrically thin and that their thickness is ap- 
proximately 5% of the radial distance from the 
hosting star. The bridge has a similar effective 
reflectivity and color to those of the disks, 
indicating that it has almost the same geometrical 
thickness as the disks. The southeastern end of 
the spiral arm has a high effective reflectivity 
of 0.14 despite its blue color. This means that 
this part has a large-scale height along the line 
of sight. 
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The eastern part is brighter in both the cir- 
cumprimary and circumsecondary disks, which 
suggests that this part is the near side of the disk if 
we assume that forward scattering dominates, as 
is the case for Mie scattering of dust grains in the 
disks. 

The primary disk has a larger radial extent 
than the secondary disk. This is consistent with 
the fact that only the primary disk was detected in 
the millimeter-continuum emission (/7). This 
may indicate a longer lifetime of the primary 
disk, as suggested by statistics (78). It is also con- 
sistent with the accretion rates derived from the 
hydrogen recombination lines. The mass accre- 
tion rate of SR24S is 10 °° Mo/year (19) and is 
significantly higher than that of SR24N, 10 71° 
Mo/year. Our observations are consistent with 
expectations from the theory that gas is replen- 
ished from the circumbinary disk to the circum- 
stellar disks, which was originally proposed by 
Artymowicz and Lubow (20) but has not been 
confirmed by direct observations. Moreover, our 
direct imaging observations show structures 
associated with a young multiple system that 


cannot be reproduced by spectroscopic 
observations or spectral energy distribution model 
studies. 
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How the Shape of an H-Bonded 
Network Controls Proton-Coupled 
Water Activation in HONO Formation 
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Many chemical reactions in atmospheric aerosols and bulk aqueous environments are influenced by 
the surrounding solvation shell, but the precise molecular interactions underlying such effects 
have rarely been elucidated. We exploited recent advances in isomer-specific cluster vibrational 
spectroscopy to explore the fundamental relation between the hydrogen (H)—bonding arrangement 
of a set of ion-solvating water molecules and the chemical activity of this ensemble. We find 
that the extent to which the nitrosonium ion (NO*) and water form nitrous acid (HONO) and 

a hydrated proton cluster in the critical trihydrate depends sensitively on the geometrical 
arrangement of the water molecules in the network. Theoretical analysis of these data details 
the role of the water network in promoting charge delocalization. 


bond in water supports a myriad of iso- 
meric architectures in small water clus- 
ters (1, 2). This has important implications for 
the mechanism of hydrolysis reactions in aque- 
ous media, where the cooperativity inherent 


T= strong directionality of the hydrogen 
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in the inter-water H-bond is generally thought 
to induce varying degrees of chemical activa- 
tion for water molecules occupying distinct 
sites in an extended network (3, 4). One exam- 
ple of this phenomenon is the often-invoked 
Grotthuss or relay mechanism for proton trans- 
port, thought to be facilitated by the formation 
of “water wires” (5). However, elucidation of 
the relation between the H-bonding arrange- 
ment of a set of water molecules and the 
chemical activity of this ensemble has proven 
difficult to establish by direct measurements, 
illustrating the need for laboratory studies to 
establish quantitative paradigms for their be- 
havior. This requires determination of the num- 
ber and character of the isomeric forms generated 
by sequential condensation. The ion chemistry in 
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the D region of the ionosphere provides another 
excellent example in which formation of a mi- 
croscopic wire was envisaged to control the key 
step in the reaction responsible for the production 
of nitrous acid (HONO) and the protonated water 
clusters that dominate the ambient cation dis- 
tribution (6, 7) 


NO+(H20), + H2O > {NO*(H20),,,= 


n+l 


((HONO)H*(H,0),]} > H*(H30), + HNO> 


(1) 


A key property of this intrinsically solvent- 
mediated reaction system is that, because it is 
nearly thermoneutral in the tetrahydrate (n = 4) 
clusters (8, 9), controlled addition of water mo- 
lecules through this critical size range can effect- 
ively titrate the extent of conversion to HONO 
product (8, 70). With the use of advanced gas- 
phase cluster-ion techniques, we have synthesized 
and structurally characterized the NO*(H30))-4 
clusters. Furthermore, we have identified mul- 
tiple isomers for the n = 3 and 4 clusters, and 
theoretical analysis of these results reveals how 
both the size and shape of the water network 
facilitate ON—O bond formation between nitro- 
sonium and an activated water molecule, with 
concomitant proton translocation onto the water 
network. 

The chemical compositions and structures of 
the associated H-bonded networks in size-selected 
NO'(H,0),, cluster ions were determined by 
analysis of the respective vibrational spectra. 
Although nominally similar to the earlier spec- 
troscopic study of these clusters (8), the present 
effort exploits dramatic improvements in the prepar- 
ation and spectroscopic characterization of clus 
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ter ions. Specifically, whereas the previous study 
was carried out with the use of infrared multiple 
photon dissociation (IRMPD) of bare NO‘(H30),, 
clusters (which undoubtedly retain considerable 
internal energy), we implement the predissocia- 
tion messenger technique (//) to exclusively mon- 
itor vibrationally cold ions in a one-photon (linear) 
action regime. This allows access to minimum- 
energy structures that can be characterized over a 
much broader spectral range. Moreover, we in- 
corporate the capability of sorting isomeric con- 
tributions to the ion ensemble with the use of 
photochemical hole burning (/2). The resulting 
spectra of the Ar-tagged n = 3 and 4 clusters are 
qualitatively different than those obtained by 
IRMPD, including the appearance of strong, broad 
absorptions in the 2600 to 3000 cm ' range that 
are telltale signatures of substantial charge de- 
localization onto intracluster water networks (/3). 

Figure 1 shows the vibrational spectra of the 
Ar-tagged NO*(H,0),.4 clusters in traces A to D, 
respectively, with the band positions collected 
in Table 1. Some transitions are common to all of 
the complexes, such as those highest in energy 
(3600 to 3800 cm ') arising from free OH groups 
and the intramolecular HOH bending mode near 
1600 cm '. The two most important regions, 
however, are the ranges that explore the extent of 


Fig. 1. Vibrational pre- HONO 
dissociation spectra of 
NO*(H>0),, » Ar, n=1to 

bend 


4 [(A to D), respectively], 
showing the effect of 
charge migration in the 
isomeric structures of the 
NO* hydrates (inset struc- 
tures calculated at the 
CCSD/aug-cc-pVDZ level). 
Features in blue corre- 
spond to the isomer la- 
beled 3-y in (OQ), whereas 
those in green and red 
correspond to the iso- 
mers labeled 3-B and 
3-a, respectively. The 
OH stretches in purple 
are transitions shared 
with 3-y and 3-a, 
whereas the bend near 
1600 cm~* is common 
to all three isomers. The 
assignments are de- 
rived using the photo- 
chemical hole-burning 
method as illustrated 
in Fig. 2. The effect of 
decreasing charge local- 
ization on the NO moiety 
is seen in the progres- 
sion of NO stretch tran- 
sitions labeled o,, 8, and 
y in (© and is associated 
with a concomitant in- 
crease in positive charge 
on the water network, 


A 


Predissociation Yield 


1400 


1800 


charge concentration on the NO* solute ion and 
on the water network. These are highlighted by 
the color bars at the top of trace A, where the left 
bar bridges the limiting values for the NO moiety, 
and the right bar applies to the corresponding 
situation in water. Note that charge concentration 
has complementary spectral effects on the two 
components: As charge is redistributed from the 
NO* onto the water network, the NO stretch 
evolves from 2344 cm | in the bare ion (/4) to 
1700 cm’ in the neutral trans-HONO product (/5), 
whereas the OH stretches vary from ~3700 em | 
in neutral, isolated water (16) to 2665 cm | in the 
fully hydrated hydronium product (/3). 

The two smallest hydrates (traces A and B) 
are dominated by transitions associated with 
essentially neutral water molecules (HOH bend 
and OH stretches), in addition to a sharp fea- 
ture close to the limiting value for the isolated 
NO* ion. The calculated structures [coupled- 
cluster singles and doubles (/7—20)/with the 
aug-cc-pVDZ basis set (2/7, 22) (CCSD/aug- 
cc-pVDZ)] of the n = 1 and 2 complexes, dis- 
played as insets, readily explain the observed 
bands in the context of charge-localized, hy- 
drated NO* reactant ions, as inferred from ear- 
lier work (8). The present spectra also reveal 
an interesting and important aspect of the NO* 
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fundamental transition, which is substantially 
weakened in the dihydrate and closer to its lo- 
cation in the bare ion (2344 cm !). Calculations 
indicate that there is a very strong correlation 
between red shift in this peak and its intensity. 
This occurs because the intrinsic intensity in the 
bare ion is actually quite small (recall that NO* 
is isoelectronic with Nz and CO), and it gains 
intensity in the monohydrate through symmetry 
breaking, along with a small degree of intra- 
cluster charge transfer. The blue shift in the NO* 
stretch in the dihydrate is therefore consistent 
with less perturbation of the NO* solute and 
concomitant diminution in the intensity of its vi- 
brational fundamental. The location and intensity 
of the NO transition thus provide a convenient, 
embedded “reporter” for the extent of charge 
transfer occurring in a particular environment. 
Figure 1C presents the spectrum of the 
trihydrate. Unlike previous work by Choi (8), 
which recovered very similar spectra for n = 1, 2, 
and 3, the Ar-tagged trihydrate displays a much 
more complex series of bands. The NO stretching 
region is especially revealing because it features a 
suite of three peaks, with the weakest (a) lying 
closest to that of bare NO* and the most intense 
(y) occurring 257 cm! below this value, but still 
well above the characteristic 1700 em ' N-O 


NO* H,O,* 
free OH 
decreasing charge [ increasing charge 4 
on solute on solvent | 
i 
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AX 
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which red shifts and broadens the H-bonded OH stretching transitions. Dotted lines follow evolution of peaks upon increasing solvation. 


www.sciencemag.org SCIENCE VOL 327 


15 JANUARY 2010 


309 


REPORTS 


stretching band in isolated trans-HONO (/5). 
This suggests that three forms of the trihydrate 
are present with varying degrees of charge delo- 
calization. The transfer of the positive charge 
from the NO* moiety to the water network should 
induce perturbations in the OH stretch vibrations. 
The spectrum in Fig. 1C exhibits a very strong and 
broad feature near 2900 cm ', far below the range 
accessible by the neutral water trimer (23) but 
reminiscent of the low-energy bands found 
earlier for protonated water clusters (/3). Finally, 
the n = 4 spectrum is shown in Fig. 1D, where 
the transitions in the solute region now occur 
quite close to the limiting value for HONO, and 
the broad bands in the OH stretching region fall 
at the same location as the dominant transition in 
the fully hydrated hydronium ion, HoO," (73). 

The complex behavior of the trihydrate 
spectrum presents the opportunity to explore 
how distinct solvent arrangements participate in 
the creation of the ON—OH bond. Such infor- 
mation is encoded in the correlated band patterns 
displayed by the solute and solvent components 
of each isomer, leading us to establish the number 
of isomers present in the ensemble and to isolate 
each of their spectra. Figure 1 summarizes the 
results of this effort with a color scheme in which 
red denotes hydration morphologies that promote 
localization of the excess charge on the NO* 
reactant, blue designates those associated with 
extensive intracluster charge transfer, and green 
presents an intermediate case. Below we describe 
the experimental and theoretical methodologies 
used to unravel this picture of solvent-mediated 
chemistry in a regime where the solvent coor- 
dinate is explicitly revealed at the molecular level. 

We used IR-IR double resonance (IR’DR) 
to obtain isomer-selective spectra. Details of 
this method are included in the supporting online 
material (SOM) and also in (/2). As there are 
three distinct features in the region nominally 
associated with NO stretches in Fig. 1C, we first 
carried out measurements in a single-point mode 
to verify that these bands are indeed due to 
different isomers. This was accomplished by 
tuning a probe laser to each of the three features 
(a, B, y) and then saturating other selected 
transitions throughout the spectrum with a power- 
ful pump laser located before the probe. The re- 
sults of this procedure are shown in fig. S2 in the 
SOM and confirm that three isomers are present. 
Only band y, the most red-shifted of the NO 
stretches, is correlated with the broad structure 
near 2900 cm |, whereas band is linked to the 
sharper band at 3484 cm '. Band a, the weakest 
and highest in energy of the three, actually carries 
most of the intensity of the intramolecular water 
bend at ~1600 cm ' and is associated with the 
sharp free OH stretch structure above 3630 cm '. 
We denote the three isomers of the trihydrate 
(3-a, 3-B, and 3-y) on the basis of the respective 
NO stretching signature of each. 

Because the initial double-resonance survey 
revealed overlapping bands in the congested re- 
gion of the free OH stretches (3630 to 3800 cm '), 
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we carried out the measurements with the pump 
laser in a scanning mode to capture all the tran- 
sitions associated with the particular isomer 
isolated by the probe. This approach was limited 
to the high-energy (>2500 cm‘) part of the 
spectrum, where there is sufficient laser power 
available to saturate the transitions and thus cause 
large modulations of the probe signal. The re- 
sulting spectra are presented in Fig. 2. Figure 2C 
reproduces the nonselective spectrum (Fig. 1C), 
whereas the negative-going peaks in the dip 
spectra (Fig. 2, E and F) result from tuning the 
probe laser to the frequency indicated by the 
dagger (f) and asterisk (*), which were linked by 
fixed point IR°DR to isomers 3-8 and 3-y, 
respectively. This procedure establishes that 3-f 
(Fig. 2E, green) contributes a close doublet in the 
congested free OH stretching region, whereas 3-y 
(Fig. 2F, blue) accounts both for the very broad 
structure near 2900 cm ' and for two other sharp 
doublets appearing close to the free OH stretches 
of bare water. Transitions arising from mixed 
contributions of the isomers are displayed in 
purple. Note that the relative intensities of the 
high-energy OH stretching bands traced to 3-8 
and 3-y are similar. Moreover, 3-a also contrib- 
utes substantially to the free OH stretching bands 
near 3640 and 3720 cm ' (fig. S1). Because the 
intrinsic intensities of the spectator OH stretches 
are not strongly dependent on network shape, we 
conclude that all three isomers are created in 
similar abundances. The strongly skewed inten- 
sities of the NO-based transitions (a, B, y) can be 
mostly traced to the intrinsic diminution in the 
oscillator strength as the transition energy 
approaches that of the bare NO" fundamental. 
Turning to the structural assignments of the 
isomers, we note that 3-0 exhibits the least 
amount of charge transfer from the NO" solute, 


with its NO stretch (band a at 2264 cm‘) falling 
closest to that of the bare NO‘ fundamental. This 
feature falls in line with the NO" progression 
established in the n = | and 2 spectra and is cor- 
related with only the highest-energy OH stretch- 
ing bands. This pattern reveals that 3-a is a 
simple extension of the ion-centered hydration 
morphology evident at smaller size, with the 
three noninteracting water molecules indepen- 
dently attached to the N atom of the NO” ion. 
The minimum energy structure with this hydra- 
tion motif is indicated in Fig. 2A, along with the 
calculated spectrum (see SOM for details on the 
anharmonic frequency calculations). This struc- 
tural assignment is useful because it allows us to 
gauge the level of theory needed to treat various 
regions of the vibrational spectrum, given the 
substantial computational challenges presented 
by these complexes (SOM text and fig. $3). This 
structure was the only form identified in the 
earlier study of the bare ions (8). 

The structural assignment of 3-f is straight- 
forward based on the marked similarity of its 
spectrum with that of the related Cs'(H,O); 
cluster studied extensively by Miller and Lisy 
(24). That system adopts a cyclic arrangement in 
which two H-bond acceptor-donor (AD) water 
molecules attach to the ion and support the third 
(AA) water molecule located diagonally across 
the diamond from the ion. The cyclic arrange- 
ment has been reported as the global minimum of 
the NO*(H0O); cluster (25) and is illustrated in 
Fig. 2B, along with the calculated spectrum for 
this structure. All important bands in its observed 
spectrum are recovered as fundamental transitions 
by this procedure. The resulting assignments of 
the bands are indicated in Table 1, where the f 
band is traced to the bonded OH stretches of the 
AD water molecules. 


Table 1. Experimental frequencies (+5 cm™“) for the Ar-tagged NO*(H,O),, n = 1 to 4 clusters. 
Values in parentheses have not yet been assigned by the isomer selective method. Literature values 
for NO*, HONO, and H;0 are taken from (14-16), respectively. ND, not determined; NA, not 


applicable; sym, symmetric; asym, asymmetric. 


Dominant Literature values Observed frequencies (cm~*) 
vibrational n=3 n=3 n=3 n=4 n=4 
motion n=1 n=2 (3-0) (3-B) (3-y) (4i) = (4-ii) 
H20 bend 1595 1620 1627 1621 1621 1621 (1611) ND 
NO*/NO stretch 2344/1876 2294 2306 §=2312 )=2264 =. 2055s (2293) = (1741) 
(1790) 
H30* motions NA NA NA NA NA NA NA (1826) 
(2180) 
(2204) 
H20 bend overtone NA 3203 3218 ND ND ND ND ND 
Shared H™ stretches NA NA NA NA NA 2884 NA 2635 
3178 2941 
3197 
H20 sym stretch 3657 3607 3628 3637 3466 3637 3526 3645 
3644 3484 3644 
3577 
HNO, OH stretch 3590 NA NA NA NA NA NA 3597 
H20 asym stretch 3756 3687 3702 3718 3689 3718 3699 3730 
3728 3704 3728 
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Fig. 2. The vibrational bend 
spectrum of NO*(H,0)3 + VHOH 


Ar is reproduced from 
Fig. 1C in (C), flanked 
by the predissociation 
dip spectra (E) and (F) 
obtained by probing the 
transitions labeled with 
the green dagger (ft) and 
blue asterisk (*), respec- 
tively. The OH stretches 
of the third isomer were 
recovered by probing the 
transition labeled with 
the purple double dagger 
(4) (see SOM). Calculated 
(anharmonic, see SOM) 
spectra for isomers con- 
tributing to this spectrum 
are shown in (A), (B), 
and (D), with the tran- 
sitions labeled according 
to the displacements dom- 
inating each mode. In the 
band assignments (v), the 
letters A and D indicate 
hydrogen-bond (HB) ac- 
ceptor and donor, respec- 
tively; F denotes a free 
OH group; and str indi- 
cates a stretching motion. 
To account for the energy 
normalization of the ex- 
perimental spectra, the 
calculated transition in- 
tensities have been di- 
vided by the frequency 
and have all been nor- 1400 
malized to the most in- 

tense transition. 


Fig. 3. (A to C) Electron density difference 
plots [isovalue = 0.005 atomic units (elag?, 
where e is the elementary charge and do is 
the Bohr radius)] illustrating the differ- 
ences in charge localization in each of the 
three NO*(H30)3 clusters relative to its 
isolated constituents. Gray and teal corre- 
spond to increases and decreases in elec- 
tron density, respectively. The table below 
(A) to (C) shows the calculated [CCSD(T)/aug- 
cc-pVDZ, as detailed in the SOM] energies, 
with zero point energy (ZPE) corrections 
included in parentheses relative to the 
lowest-energy isomer, 3-8, for the three 
structures (optimized at the CCSD/aug-cc- 
pVDZ level), as well as important bond 
lengths associated with the NO and the 
waters in the first solvation shell. ro de- 
notes the nitrosonium bond, roy-o is the 
O-N bond in the process of forming, ryo-4 
is the O-H bond in the HONO product or 
bare water, and ryo...4 denotes the O-H 
bond that breaks in the process of proton 
transfer to the water network. 
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Calculated Parameters 
3-a 3-f H,O NOt 
2.877 (0.861) 0.0(0.0) 


1.075 1.078 1.063 
2.421 2.334 

0.965 0.965 0.958 

0.966 0.973 0.958 
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2.332 (1.695) 


1.093 
1.987 
0.988 
0.986 
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The two keys to the structure of the 3-y 
isomer are the broad band near 2900 cm ' and 
the 2055 cm! (y) band. Though strongly red- 
shifted relative to the free OH stretches, the 
2900 cm ' feature actually lies far above that 
of the H*(H0); product (1900 cm‘) (/3), and 
the sharp 2055 cm! band falls about midway 
between those of NO* and HONO (see also fig. 
S4). This frequency distribution suggests a sce- 
nario in which only a fraction of the positive 
charge is delocalized onto a network of water 
molecules, with concomitant partial reduction of 
the charge on the NO* moiety. Of the previously 
reported NO'(H,0); isomers (8, 25), the structure 
presented in Fig. 2D is most consistent with the 
trends in the spectra. The water chain in this 
arrangement is formally analogous to that in the 
H'(H0); cluster, with the caveat that a covalent 
ON-O linkage is not fully formed, and as a result, 
much of the excess charge is retained on the NO 
moiety. To strengthen this empirical assignment, 
we calculated the spectrum expected for this 
structure (Fig. 2D, blue) using the same scheme 
that recovered the spectra of the other isomers. 
As all features are accurately reproduced, we 
conclude that 3-8 adopts this Y-shaped arrange- 
ment with the band assignments in Table 1. 

The identification of the structures and 
vibrational signatures of the three trihydrate iso- 
mers allows us to deduce the mechanics driving 
solvent-induced charge delocalization. A visual 
way to gauge the extent of charge-transfer at play 
between the water network and NO* is by con- 
struction of isosurfaces for electron density 
differences between that in the minimum energy 
structure of the cluster ion and those in the 
isolated NO* and (HO), subunits. These sur- 
faces are presented in Fig. 3, and they provide a 
quantitative context for the qualitative charge- 
delocalization discussion motivated by the em- 
pirical interpretation of the observed bands. 
Specifically, the open 3-0, isomer (Fig. 3A), with 
all water molecules in the first hydration shell, 
optimizes the electrostatic interaction of NO* 
with the three largely unperturbed water mole- 
cules. The fact that this arrangement minimizes 
intracluster charge-transfer can be rationalized in 
the context that it cannot effectively stabilize 
excess charge displaced onto the independent 
water molecules. The cyclic motif adopted by 
isomer 3-8 with one molecule in the second 
solvation shell does allow partial stabilization of 
intracluster charge-transfer, as evidenced in the 
density difference shown in Fig. 3B, but the 
interaction between NO and the water molecules 
is still largely electrostatic in nature. In contrast, 
isomer 3-y, with two molecules in the second 
solvent shell, provides a very favorable solvation 
environment to accommodate charge accumula- 
tion on the water in the first shell. The electronic 
perturbation revealed in the density difference 
surface (Fig. 3C) is quite large in this case, where 
the excess charge density is clearly spread over 
both the NO* reactant and the water molecule to 
which it will eventually form a covalent bond. 


Key structural parameters indicating the extent of 
HONO product formation for the three isomers 
are included at the bottom of Fig. 3. The H- 
bonding scaffold adopted by 3-y can be viewed 
as a hydrated form of protonated nitrous acid, 
ONOH;". In isolation, this species spontaneously 
breaks up into an NO" - H,O ion-molecule com- 
plex, as we see in the mono- and dihydrates of 
NO". The 3-y structure places a water molecule 
on each of the two protons that nominally share 
the excess charge in protonated nitrous acid, thereby 
stabilizing this incipient form of the product. 

The trihydrate behavior is also of interest in 
the context of the reaction mechanism for nitrous 
acid formation (Eq. 1). Many reports (8, 9, 25) 
have expanded on an early suggestion (26) that 
the intracluster proton transfer at the heart of this 
process would be mediated by the formation of 
linear chains of water molecules. Although 
different in detail from the proposed structure, 
the most chemically active isomer recovered 
here, 3-y, has many features anticipated by the 
linear “water wire” model. In particular, our 
calculations recover the relative energies of the 
three isomers and find 3-y to be highest in energy, 
~1.7 kcal/mol above the global minimum (isomer 
3-B). As such, we expect this structure to be 
sparsely populated at the ambient temperature of 
the ionosphere (200 K = 0.397 kcal/mol) (7). The 
reaction is observed to occur upon attachment of 
the fourth water molecule, and the present 
experiment allows us to explore the reactivity of 
each isomer as an independent reactant. This is 
possible because the ion source produces the 
larger water clusters through sequential condens- 
ation reactions onto the clusters with several 
attached Ar atoms 


NO"(H20), 7 Atm + H,0 = 
NO*(H20)n41 «At, + (m—p)Ar (2) 


As such, the three isomers of the trihydrate 
are, in fact, the precursors of the n = 4 cluster 
probed spectroscopically. 

We therefore carried out a double-resonance 
survey of the tetrahydrate and found the 
resulting spectrum (shown in Fig. 1D) to be 
a superposition of at least two components. Spe- 
cifically, the n = 4 band, close to the ¢ feature 
in the 3-8 spectrum (Fig. 2C), arises from a dif- 
ferent species than that responsible for the 
strong n = 4 product bands near 2665 cm |. 
This indicates that a large fraction of the tet- 
rahydrate ensemble maintains a pre-reactive, 
charge-localized form, with the characteristic 
t band signaling preservation of the cyclic 
hydration motif. On the other hand, the bands 
uniquely associated with 3-y disappear in the 
n = 4 spectrum, suggesting that 3-y is funda- 
mentally transformed upon addition of another 
water molecule. Note that the bands arising 
from the two classes of the tetrahydrate occur 
with similar relative intensities as those from the 
different n = 3 precursors. This raises the in 


teresting scenario that, under experimentally ac- 
cessible conditions, the sequential condensation 
events can be trapped in relatively high-energy, 
persistent configurations that form preferential 
reactive pathways. The evidence for such isomer- 
specific reactivity obtained here warrants further 
exploration to define the general conditions under 
which this mechanism can be operative. 
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Electrocatalytic CO, Conversion to 
Oxalate by a Copper Complex 


Raja Angamuthu,? Philip Byers, Martin Lutz, Anthony L. Spek,” Elisabeth Bouwman** 


Global warming concern has dramatically increased interest in using CO, as a feedstock for 
preparation of value-added compounds, thereby helping to reduce its atmospheric concentration. 
Here, we describe a dinuclear copper(I) complex that is oxidized in air by CO2 rather than O2; 
the product is a tetranuclear copper(II) complex containing two bridging CO>-derived oxalate 
groups. Treatment of the copper(II) oxalate complex in acetonitrile with a soluble lithium salt 
results in quantitative precipitation of lithium oxalate. The copper(II) complex can then be nearly 
quantitatively electrochemically reduced at a relatively accessible potential, regenerating the initial 
dinuclear copper(I) compound. Preliminary results demonstrate six turnovers (producing 12 
equivalents of oxalate) during 7 hours of catalysis at an applied potential of —0.03 volts versus 


the normal hydrogen electrode. 


esearch toward carbon dioxide fixation 
Ree much attention at present, as a 

result of the alarming reports that link 
global warming and its potentially devastating 
effects with the steadily increasing concentration 
of CO, in the atmosphere. Chemical activation 
of carbon dioxide could help to reduce its con- 
centration in the atmosphere while at the same 
time exploiting it as a carbon feedstock for the 
production of useful organic compounds (/—5). 
Transition-metal complexes, especially of cop- 
per and zinc (6, 7), as well as simple salts such 
as lithium hydroxide monohydrate and soda- 
lime (mixture of sodium and calcium hydrox- 
ides) are well known for their assistance in the 
stoichiometric transformation of carbon dioxide 
to carbonate salts (8—/7). Mixtures of glycol and 
amines (glycol-amine) as well as coordination 
complexes of polyamines have been reported to 
bind CO) reversibly through the formation of 
carbamates (8, /5, 17, 18). In contrast, reductive 
conversion of CO, into useful products of indus- 
trial significance such as formaldehyde, formic 
acid, methanol, or oxalic acid has proven more 
challenging to achieve selectively (9, 20). 

The one-electron reduction of CO, into the 
CO," radical anion occurs at potentials as high 
as —1.97 V versus NHE (normal hydrogen elec- 
trode) in N,N-dimethylformamide, and the CO,"~ 
may further react to form CO, carbonate, formate, 
or oxalate (19-21). Selective production of oxa- 
late would be much preferred because dimethyl 
oxalate is a useful feedstock, for example, for the 
production of methyl glycolate. The assistance of 
transition-metal complexes appears mandatory to 
direct the reactivity of the CO,” radical anion 
toward a specific product, in addition to optimiz- 
ing electrochemical parameters such as current 
density. Moreover, the inner-sphere electron- 
transfer mechanisms that proceed with most 
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transition metal systems result in less-negative 
reduction potentials, which may improve overall 
thermodynamic favorability of the reduction, as- 
suming there is an accessible way to liberate the 
product after the electron-transfer reaction (20). 
Reductive coupling of CO, to form the oxalate 
dianion has been accomplished by electrochemi- 
cal methods, including outer-sphere electron 
transfer using mercury or lead electrodes and 
inner-sphere electron transfer using transition- 
metal complexes or anion radicals of aromatic 
hydrocarbons, esters, and nitriles as electro- 
catalysts (20-22). Mechanistic understanding of 
the metal-catalyzed reduction of CO, to C2 or C3 
fragments is also highly relevant for an improved 
understanding of the natural photosynthetic 
transformation of atmospheric CO, to function- 
alized C3 molecules (3-phosphoglycerate). 

We herein report a copper complex, which 
spontaneously captures and reductively couples 
CO, from the air selectively, yielding an oxalate- 
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bridged copper(II) tetramer in acetonitrile solution. 
Moreover, we have found that this copper system 
can be used repeatedly as a catalyst for the reduc- 
tive coupling of CO, to oxalate upon electrochem- 
ical reduction. The reduction of the copper(II) 
complex occurs at a readily accessible potential 
that is nearly 2 V less negative than that required 
for outer-sphere reduction of CO to CO". 

The ligand HL [N-(2-mercaptopropyl)-N,N- 
bis(2-pyridylmethyl)amine] was designed for the 
synthesis of biomimetic models for nickel- 
containing superoxide dismutase. In addition to 
studies with nickel salts, reactions were per- 
formed with copper and zinc for comparison. 
Upon mixing of equimolar amounts of Cu(acac), 
(Hacac is acetylacetone), the ligand HL, and 
HBF, in acetonitrile at room temperature, we 
obtained a yellow-colored solution, in which as 
expected the thiolate-containing ligand was 
oxidized by the copper(II) ion. The solution was 
analyzed with positive-ion electrospray ioniza- 
tion mass spectroscopy (ESI-MS); a prominent 
signal at mass/charge (m/z) ratio of 335.91 
showed an isotopic distribution envelope match- 
ing that calculated for the dinuclear copper(I) 
complex (ay?* (Fig. 1) (23). This complex [ay?* 
can also be synthesized by the reaction of the 
preoxidized disulfide ligand with two equivalents 
of [Cu(CH3CN),4|BF, in dry acetonitrile. This 
yellow-colored solution turned greenish-blue 
upon exposure to air; over the course of 3 days 
crystals formed, which we isolated in 72% yield 
and analyzed by x-ray diffraction. We observed a 
tetranuclear copper(II) structure [Cu",(L-L)(u- 
oxalato-«*0/,0°:07,0*)],(BF4)4_ {[2](BF4)a, 
Fig. 1}, with bridging oxalate anions that must 
originate from CO, in the air. A positive-ion ESI- 
MS spectrum acquired from the acetonitrile 
solution is consistent with this molecular struc- 


Oxalate CO, in Air | 
from 


Fig. 1. Schematic overview of the formation and reactivity of the complexes [1]*, [2]**, and [3]**. Cu, 
brown; N, blue; S, yellow; O, red; Cl, green; C, black. BF, anions, solvent molecules, and hydrogen atoms are 
omitted for clarity. Selected (average) bond lengths (A) for [2]**: CuU-Ogg, 1.963(2); Cu-O3, 2.283(2); Cu— 
Noy 1.991(2); Cu-Naminer 2.026(2); $1-S2, 2.0423(16); Cul--S1, 2.9837(12); Cu2-S2, 2.9731(12); 
Cul--Cu2, 5.3205(6); Cul---Cu2!, 5.4295(6). Selected (average) bond lengths (A) for [3]**: Cu1—Cl1' 
2.2479(6); Cu2—-Cl2 2.2440(7); Cu1—Cl1 2.8589(6); Cu-N,y, 1.984(1); Cu-Naminer 2.052(2); $1-S2, 
2.0388(11); Cul--S1, 3.0036(9); Cu2—S2, 2.7343(7); Cul--Cul', 3.5677(5); Cul--Cu2, 6.1248(4). 
Symmetry operation i; 1 — x, 1 — y, 1 —z. Estimated standard deviations in the last digits are given in 


parentheses. Further details are provided in (23). 
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ture, showing a prominent signal at m/z of 379.35 
(figs. S9 and S10). We thus found that the initial 
Cu(I) complex is oxidized by CO; rather than O>. 
Indeed, purging carbon dioxide into a solution 
of complex [1]** results in the formation of the 
tetranuclear oxalate-bridged complex [2]*", which 
was fully characterized by Fourier transform 
infrared spectroscopy (FT-IR), ESI-MS, and ele- 
mental analysis. That carbon dioxide is the or- 
igin of the oxalate dianion was proven with the 
use of '3CO,; the resulting copper(II) complex 
showed a signal at m/z of 381.06 (fig. S11). The 
reaction of [1]°* in an O, atmosphere under 
strict exclusion of CO; resulted in a deep green 
solution containing a copper(I) compound with 
a molecular ion peak at m/z = 361.16 in posi- 
tive ion ESI-MS that is consistent with the ex- 
pected dihydroxo complex of molecular formula 
[Cu"(L-L)Cu"(u-OH)(H,0)}" (fig. $12). 

In the solid state, [2|** consists of a cyclic 
centrosymmetric dimer of two dinuclear moieties 
bridged by two oxalato dianions (fig. $13). Each 
dinuclear moiety consists of two crystallograph- 
ically independent copper(II) ions. The two 
copper(II) ions within the asymmetric unit bind 
to the same disulfide ligand and are separated by 
5.3205 + 0.0006 [5.3205(6)] A. The copper ions 
are situated in square-pyramidal environments, 
with the three nitrogen donors of the meridionally 
coordinated dipicolylamine unit occupying three 
corners of the basal plane. One of the oxygens 
from the bridging oxalato dianion is situated at the 
fourth comer of the basal plane, with another oxy- 
gen from the same oxalato dianion occupying the 
apical position. However, for both copper ions one 


of the disulfide sulfur atoms can be regarded as a 
sixth ligand at meaningful axial distances of 
2.9837(12) and 2.973 1(12) A. (Further parameters 
are provided in table S1.) 

In an attempt to crystallize the original com- 
plex [1]**, chloroform was let to diffuse into the 
initial reaction mixture containing the copper(I) 
complex in an argon atmosphere. Interestingly, 
this yielded the unexpected tetranuclear com- 
pound [CICu"(L-L)Cu"(u-C)(BF,)4 {B\BF)4, 
Fig. 1} with bridging and terminal chloride anions 
that can only originate from chloroform (24). The 
solid-state structure of [3]** was obtained by x-ray 
diffraction from a blue crystal of [3](BF4)4. The 
molecular structure of [3]** is confirmed by a 
positive-ion ESI-MS spectrum of the compound 
acquired from acetonitrile solution, which shows 
a prominent signal at m/z = 370.71 (figs. S14 and 
S15). Complex [3]** is a linear centrosymmetric 
dimer of two dinuclear moieties bridged by two 
chloride anions (figs. S16 and S17). The two 
copper(II) ions within the asymmetric unit are 
bound to the same disulfide ligand and are sep- 
arated by 6.1248(4) A. The copper ions in [3]** 
are situated in pentacoordinate environments 
resembling those in complex [2]*"; the thioether 
sulfur and the chloride donors replace the oxalato 
oxygen donors in [2]** 

Inspired by this finding, we explored whether 
complex [2]** could be converted to this chloride 
complex [3]** by treatment with HCl, in the 
process liberating the CO>-derived oxalic acid. 

Addition of four equivalents of hydrochloric 
acid to an acetonitrile solution of [2](BF4)4 indeed 
leads to elimination of oxalic acid with concurrent 
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Fig. 3. Proposed electrocatalytic cycle for oxalate formation. 


formation of [3](BF4)4 as confirmed by ESI-MS and 
elemental analysis. The electrochemical reduction 
of [3](BF4)4 occurs at the cathodic peak potential 
(E,-) of +0.06 V versus NHE (fig. S18), producing 
a copper(I) complex that selectively produces 
complex [2]** upon reaction with CO}. This result 
stimulated us to explore the possibility of using the 
copper/disulfide-ligand system as an electrocata- 
lyst for the selective reduction of COy. 

To that end, we undertook electrochemical 
reduction of complex [3]** by using controlled 
potential coulometry and monitored the process 
by using electronic absorption spectroscopy. The 
copper complex [3](BF,4)4 (0.9 g, 0.5 mmol) was 
dissolved in 100 ml of 0.1 M tetrabutylammo- 
nium hexafluoridophosphate in acetonitrile; the 
solution was then reduced at +0.03 V versus 
NHE. A current drop was observed after 195 C of 
charge was passed, the quantity expected for a 
one-electron reduction of each copper ion. The 
disappearance of the characteristic d-d transition 
band (~670 nm) of [3]** during electrolysis con- 
firmed the formation of a copper(I) species (fig. 
S19). The resulting yellow-colored solution was 
shown by ESI-MS to contain the dinuclear 
copper(I) complex [1]?* (fig. $20). The cyclic 
voltammogram of this solution showed a revers- 
ible oxidation process at the anodic peak poten- 
tial (Ep,) of +0.81 V versus NHE (fig. S21). 

Bubbling carbon dioxide into this solution 
turned the color greenish-blue, indicating the for- 
mation of complex [2]** as confirmed by ESI-MS 
analysis of the solution. The cyclic voltammo- 
gram of [2]** produced in this reaction sequence 
was identical to that of the independently 
synthesized and isolated [2]** and showed an 
irreversible reduction process at —0.03 V versus 
NHE (fig. $22). The bulk electrolysis experiment 
was then repeated under the same conditions but 
with use of lithium perchlorate as the supporting 
electrolyte in a CO>-saturated acetonitrile solution. 
These conditions resulted in the precipitation of 
lithium oxalate as the generated copper(I) complex 
spontaneously reacted with the CO, available in 
the solution to form oxalate (fig. $23). In order to 
quantify the selectivity of our electrocatalyst, we 
halted electrolysis after passing 195 C of charge 
(the charge expected for a one-electron reduction 
of each copper ion), purged the solution with COs, 
and removed the lithium oxalate precipitate by 
filtration under an argon atmosphere. The 24-mg 
(0.24-mmol) yield of lithium oxalate [as con- 
firmed by ESI-MS spectrometry, nuclear magnetic 
resonance (NMR), and FT-IR spectroscopy, figs. 
S24 and S25] corresponded to nearly quantitative 
current efficiency (96%) for formation of the 
desired product. The remaining blue-colored solu- 
tion was shown to contain the dinuclear copper(II) 
complex [(CH3CN)Cu"(L-L)Cu"(CH3CN)]" [4]"" 
as characterized by ESI-MS spectrometry (fig. S26). 
We proceeded to saturate this solution with argon 
to remove the remaining CO, and then subjected it 
to a second electrolysis run; 185 C of charge was 
consumed before the current dropped, indicating re- 
generation of nearly 95% of the copper(I) complex. 
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Both complexes [2]** and [3]** upon mixing 
with LiClO, in acetonitrile yield [4]** as con- 
firmed by ESI-MS spectrometry (Fig. 2 and figs. 
S27 and S28). Therefore, in another attempt to 
use the complex [2]** as an electrocatalyst in this 
reaction, the electrochemical cell containing an 
acetonitrile solution of complex [2]** and lithium 
perchlorate (as supporting electrolyte) was stirred 
to precipitate all the available oxalate. Then the 
solution was electrolyzed at —0.03 V versus NHE 
with continuous purging of CO. The consump- 
tion of current continued linearly for more than 
3.3 hours, consuming three equivalents of charge 
(12 electrons) per four copper ions, with concur- 
rent crystallization of lithium oxalate. Thereafter, 
the rate of the reaction gradually decreased as the 
crystallized lithium oxalate started to cover the 
electrode surface, thereby hampering electron 
transfer (fig. S29). In total, the electrocatalysis 
could be extended for more than 7 hours, with 
consumption of 6 equivalents of charge (24 elec- 
trons) and generating 12 equivalents of oxalate per 
molecule of [2]**. 

We have thus devised an electrocatalytic sys- 
tem based on a copper coordination compound 
that is able to activate and convert CO, selec- 
tively into oxalate at readily accessible potentials, 
in the simple but very effective catalytic cycle 
shown in Fig. 3. The finding that a copper(I) 
system is oxidized by CO, rather than O, implies 
that the selective binding of CO; to the copper(I) 
ions offers a low-energy pathway for the forma- 
tion of the CO," radical anion. The copper(II) 
oxalate complex [2]** is thermodynamically 
favored; the binding of CO, to the Cu(1) centers 
in [1]?* and the formation of oxalate appears to 
be highly selective and relatively rapid. Because 


of the low solubility of lithium oxalate in 
acetonitrile, the release of the oxalate dianion from 
[2)** 

in the presence of lithium perchlorate is instant- 
aneous, generating the complex [4]**. Therefore, 
for the current system the electrocatalytic reduc- 
tion of the copper(II) ion to copper(I) appears to 
be rate-limiting. The precipitation of the lithtum 
oxalate formed during the reaction onto the elec- 
trode surface hampers efficient electron transfer. 
Tuning the redox potential of the copper complex 
by altering the ligand structure with a variety of 
substituents, immobilization of the complex onto 
the electrode surface, and improved methods for 
the removal of oxalate may result in improved 
efficiency of the catalytic system. We believe that 
our studies will instigate further development of 
coordination complexes for catalytic CO, sequest- 
ration, its selective conversion and use as fuels 
such as methanol or as feedstock in the synthesis 
of useful organic compounds. 
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Ligand-Enabled Reactivity and 


Selectivity in a Synthetically Versatile 
Aryl C—-H Olefination 


Dong-Hui Wang, Keary M. Engle, Bing-Feng Shi, Jin-Quan Yu* 


The Mizoroki-Heck reaction, which couples aryl halides with olefins, has been widely used to stitch 
together the carbogenic cores of numerous complex organic molecules. Given that the position- 
selective introduction of a halide onto an arene is not always straightforward, direct olefination of 
aryl carbon-hydrogen (C—H) bonds would obviate the inefficiencies associated with generating 
halide precursors or their equivalents. However, methods for carrying out such a reaction have 
suffered from narrow substrate scope and low positional selectivity. We report an operationally 
simple, atom-economical, carboxylate-directed Pd(II)-catalyzed C—H olefination reaction with 
phenylacetic acid and 3-phenylpropionic acid substrates, using oxygen at atmospheric pressure as 
the oxidant. The positional selectivity can be tuned by introducing amino acid derivatives as 
ligands. We demonstrate the versatility of the method through direct elaboration of commercial 
drug scaffolds and efficient syntheses of 2-tetralone and naphthoic acid natural product cores. 


nactivated carbon—hydrogen (C—H) bonds 

| | are among the simplest and most common 
structural motifs in naturally occurring 
organic molecules, and, as such, they are ideal 
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targets for chemical transformations. Although 
C-H bonds are generally unreactive, during the 
past several decades transition metal catalysis has 
emerged as an effective means of converting unac- 


tivated C—H bonds into carbon—heteroatom and 
carbon-carbon (C—C) bonds (/—5). This technol- 
ogy has proven to be valuable in natural products 
synthesis, where several distinct C—H function- 
alization strategies have been exploited (6—/2). 
Traditionally, C-C bonds between aryl and 
olefinic fragments have been forged through the 
Pd-catalyzed Mizoroki-Heck reaction, which 
couples aryl halides or triflates with olefins 
(Fig. 1A). Considering the prominence of this 
transformation in organic synthesis (/3), Pd- 
catalyzed olefination of aryl C—H bonds has the 
potential to emerge as a powerful platform for 
more direct access to carbogenic cores of com- 
plex molecules (Fig. 1, A and E), particularly in 
cases in which the position-selective introduction 
of a halide is problematic. However, the few 
pioneering examples of Pd-catalyzed C—H olefi- 
nation in total synthesis to date are restricted to 
specific cases, generally including electron-rich 
heterocycles, such as indoles and pyrroles, and/or 
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stoichiometric palladium (/4-17). The develop- 
ment of Pd-catalyzed arene C—H olefination 
reactions to provide general routes to commonly 
occurring carbogenic motifs thus remains an out- 
standing challenge. This limitation is rooted in 
two interrelated problems. First, the substrates 
that are typically effective in palladium-catalyzed 
C-H activation are synthetically restrictive, either 
because they are limited to electron-rich arenes or 
heterocycles, or because they possess impractical 
chelating functional groups to promote metala- 
tion. These directing groups include those that 
are itrremovable and recalcitrant to undergo 
further synthetic elaboration, such as pyridine, 
and those that are removable but require several 
steps for installation and detachment, such as 
oxazoline (5). Second, methods for effecting 
position-selective C—H activation on multiply 
substituted arenes (/8, 19), particularly via ligand 
control, remain underdeveloped. 

Here, we report a catalytic system that ad- 
dresses these problems. A practical Pd-catalyzed 
reaction using molecular oxygen as the terminal 
oxidant has been developed to perform C—H 
olefination with synthetically useful phenylacetic 
acid and 3-phenylpropionic acid substrates. This 
reaction has remarkably broad substrate scope, 
which is enabled in part by the use of amino acid 
ligands to enhance the reactivity of the cata- 
lytically active Pd(II) species. Moreover, two 
distinct methods to control the positional selec- 
tivity of C-H activation with multiply substituted 
arenes have been demonstrated: (i) substrate 
control, by appending a protecting group (PG) 
to modulate the intrinsic steric bias; and (ii) 
catalyst control, by using ligands to alter the 
steric and electronic properties around the metal 
center (Fig. 1B). The versatility of this olefination 
reaction is demonstrated by direct functionaliza- 
tion of commercially available drugs (Fig. 1D) 
and by atom- and step-economic syntheses of 
2-tetralone derivatives (2) (key synthetic inter- 
mediates for tetraline-based natural products) and 
two challenging naphthoic acid components in 
neocarzinostatin (1) and kedarcidin (3), highly 
active antibiotics (Fig. 1E). 

As part of the overarching goal of developing 
practically useful C—H functionalization reac- 
tions, our laboratory has focused on discovering 
reactivity with broadly useful substrates, in which 
all moieties present in the starting material can be 
used for subsequent synthetic applications in an 
atom-economical manner. Following this phi- 
losophy, we sought to develop a Pd-catalyzed 
olefination protocol (20) for phenylacetic acid 
substrates, as the resulting carbon skeletons are 
well-established platforms for the synthesis of 2- 
tetralones and naphthoic acids. Although carboxy- 
directed C—H activation involving six atoms in 
the coordination assembly is rare, we hypothe- 
sized that our K*-promoted Pd insertion proce- 
dure for benzoic and phenylacetic acids (2/, 22), 
which promotes C—H activation through the 
complex-induced proximity effect (23), could 
be exploited for subsequent olefination. 


To this end, we began by extensively screen- 
ing reaction conditions and optimizing with re- 
spect to solvent, inorganic base, temperature, and 
oxidant (see supporting online material). Grati- 
fyingly, we found that 4-methoxyphenylacetic 
acid could be coupled with ethyl acrylate in the 
presence of 5 mol% Pd(OAc), (Ac, acetyl) to 
give the desired product in high yield (Fig. 2, 
6a,). As a further practical advantage, 1 atm of 
O, could be used as the terminal oxidant, with 5 
mol% benzoquinone (BQ) serving as a ligand to 
prevent minor formation of the meta- and di- 
ortho-olefinated products. 

A wide range of phenylacetic acid substrates 
were found to be compatible with this protocol 
(Fig. 2). Products containing chlorides (6g, 6h, 
6j, 6k, and 6p), fluorides (6f and 6r), and 
ketones (61) could be obtained in high yields. 
Notably, the tolerance for chlorides on the aro- 
matic ring in this ortho-olefination offers an 
opportunity for subsequent cross-coupling, facil- 
itating expedient synthesis of highly complex 
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biaryl molecules. Several drug substrates, includ- 
ing ketoprofen (4]), ibuprofen (4n), and naproxen 
(40), were found to be compatible with this pro- 
tocol, affording the respective olefinated products 
61, 6n, and 60. These results demonstrate the po- 
tential for applying C—H olefination to effect direct 
functionalization of existing bioactive molecular 
scaffolds in the interest of enabling drug diversi- 
fication for medicinal chemistry. 

A diverse array of substitution patterns at the 
©. position were tolerated, with a higher degree of 
a substitution corresponding to higher activity 
resulting from the Thorpe-Ingold effect (6j to 6s). 
Optically pure compounds with chiral centers at 
the a position were found to racemize slightly 
under our reaction conditions; for example, 60 
was formed in 72% enantiomeric excess (ee). In 
this case, the use of LixCOs; as the base prevented 
racemization, affording the product in 97% ee, 
but also lowered the conversion to 24%. 

A variety of different olefin coupling partners 
were found to react well using this catalytic sys- 
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1. (A) Comparison of the Mizoroki-Heck reaction and arene C-H olefination. (B) Schematic depiction 


Kedarcidin (3) 


of our position-selective C-H activation approach. (C) Substrates that were found to be unreactive under our 
original conditions but could be efficiently olefinated in the presence of amino acid ligands. (D) Direct ortho- 
olefination of commercial nonsteroidal anti-inflammatory drugs (NSAIDs). (E) Expedient synthesis of natural 
product components using position-selective C—H olefination. 
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tem (Fig. 2, 6a, to 6a5 and 6b,). Interestingly, 
using |-hexene as the olefin, we found that non- 
conjugated product 6as was formed predominantly 
(with a 5:1 ratio of E:Z alkene stereoisomers) 
over the thermodynamically favorable conjugated 
system (observed in only trace amounts). Mech- 
anistically, this suggests that after 1,2 migratory 
insertion of the Pd—aryl moiety into the olefin, the 
resulting intermediate is conformationally restricted 
from undergoing subsequent B-hydride elimina- 
tion with the benzylic hydrogen atoms. A pos- 
sible explanation is that the carbonyl oxygen 
atom from the carboxylate group remains co- 
ordinated to palladium in an unusual eight- 


membered ring, which restricts the bond rotation 
necessary to align the metal for syn elimination. 
Synthetically, olefinated products such as 6a5 
represent a class of substrates beyond the scope 
of traditional Mizoroki-Heck—-type chemistry. 
With this highly efficient catalytic C-H 
olefination protocol in hand, we next sought 
to control the positional selectivity of this reac- 
tion with multiply substituted arenes that yielded 
isomeric product mixtures under our original 
conditions (Fig. 1B). For instance, 3-methoxy-5- 
methylphenylacetic acid (7) reacted to form a 
mixture of positional isomers without substantial 
bias (1.4:1, 8-A:8-B) (Fig. 3A, entry 1). We 


5 mol% Pd(OAc)s 


Ra Rs 5 mol% BQ R2, [Rs 
2 equiv. KHCO.: 
CO.H 3 CO,H 
yg 3g 
H aieauiy: t-AmylOH, 85 °C Ry 
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4 5 6 
MeO. OMe 
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a Z 7~co, et ail 
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7 =e Me A~co, et 
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F 
MeO. cl 
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6i, 93% 6j, 91%" 6k, 90%"3* 61, 88%"+ 
Me Me Me Me. ,Me 

Z 
Me 7~co,£t  i-Bu 7~co,Et Meo FA~co,et Cl COEt 
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Me, ,Me 
‘CO3H 
Z MeO CO2t-B 
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MeO. 
Meo A7~come Meo A ir Meo _ me A~coMe 


6a3, 46% Gay, 68% 


Me 


6a 5,63% 6b2, 16% 


E:Z=5:1 


*The corresponding phenylacetic acid substrate was used as starting material; to simplify separation, the product was isolated as 
the methyl ester following treatment of the crude reaction mixture with CH2No. tRacemic starting material was used. Optically pure 
naproxen (40, 97% ee) was used as the starting material. The product was obtained in 72% ee. The use of LigCO3 as the base 
gave 24% conversion (by 1H NMR) and 97% ee. The ee values were determined by chiral HPLC. 


Fig. 2. C-H olefination of phenylacetic acid substrates with ethyl acrylate (6a,, 6b1, and 6c to 6s) 
and with other olefin coupling partners (6a2 to 6as and 6b). 
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hypothesized that tuning the steric properties of 
the metal center through the coordination of a 
ligand could provide the site recognition that we 
sought. Extensive screening of ligands led us to 
discover that mono-N-protected amino acids were 
effective in this respect (24). During our screening 
efforts, we observed that the resulting isomeric 
distribution was substantially dependent on the 
structure of the amino acid side chain, with 
Boc-Leu-OH and Boc-Ile-OH giving the best 
selectivity (7:1 and 8:1, respectively; Boc, tert- 
butoxycarbonyl) (Fig. 3A, entries 5 and 6). We 
were pleased to find that positional selectivity 
could be further enhanced by varying the N- 
protecting group, with Formyl-Ile-OH as the best 
ligand, giving a 20:1 ratio of positional isomers 
(Fig. 3A, entry 12). The conversion using this 
particular ligand was slightly lower than without 
it, but by increasing the catalyst loading to 7%, 
the conversion could be improved to 75%. 
Allowing the reaction to run for 96 hours further 
improved the conversion to 89%. 

This ligand-controlled, position-selective C-H 
olefination protocol could also be applied to other 
multiply substituted arene substrates, including 
natural product precursors such as 9 and drug 
substrates such as flurbiprofen (11) (Fig. 3B). 
With substrate 9, because the two ortho-C—H 
bonds are approximately electronically equiva- 
lent, the outstanding positional selectivity ob- 
served with Boc-Ile-OH is likely a result of the 
catalyst’s recognition of the different steric en- 
vironments. In contrast, both steric and electronic 
properties could be contributing to the improve- 
ment in positional selectivity with substrates 7, 
11, 13, and 15; the mechanistic details in these 
cases remain to be fully elucidated. (Unless other- 
wise noted, the reaction conditions in Fig. 3, B to 
D, are identical to those described in Fig. 3A.) 

To our delight, during this investigation, we 
also discovered that certain Boc-protected amino 
acid ligands could markedly improve the yield in 
this olefination reaction (see supporting online 
material), with the optimal ligand choice highly 
dependent on the combination of substrate and 
coupling partner. For instance, using Boc-lIle- 
OH, olefinated products 6t and 17 could be 
formed quantitatively, even when the catalyst 
loading was reduced to 1 to 2 mol% of Pd(OAc)> 
(Fig. 3C). Moreover, the use of amino acid lig- 
ands allowed for efficient di-olefination, fashion- 
ing product 17, for example, in quantitative yield. 
Thus, our parent C—H olefination protocol and 
the amino acid—ligated system offer comple- 
mentary reactivity to access either the mono- or 
di-olefinated products, depending on which is 
more useful for a given synthetic application 
(Fig. 2 and Fig. 3C, respectively). 

The strong ligand influence on reactivity in 
this system encouraged us to examine whether 
previously unreactive 3-phenylpropionic acid 
and electron-deficient phenylacetic acid sub- 
strates could now be ortho-olefinated in the 
presence of amino acid ligands. Indeed, we were 
pleased to find that an array of such substrates 


15 JANUARY 2010 


317 


REPORTS 


318 


could be olefinated in moderate to good yields 
(Fig. 3D). Notably, the synthetic flexibility 
afforded by the extra methylene spacer in 18a 
and 18b greatly expands the range of core 
structures that can subsequently be accessed. 

Finally, we demonstrated the synthetic utility 
of this highly versatile and scalable olefination 
reaction by concise syntheses of several natural 
product core structures, including 2-tetralones 
and naphthoic acids (Fig. 4). The synthesis of 
natural products of this type is by no means 
simple, but impressive efforts by several groups 
(25-29) have led to a basic roadmap for how 
to construct such molecules. In particular, ole- 
finated arenes with structures analogous to 10-A 
(Fig. 4C) often serve as key intermediates, and 
the olefinic moieties are usually introduced via a 
Wittig reaction with the corresponding aldehyde 
or via bromination in the early stages to set up a 
late-stage Mizoroki-Heck reaction. Our C-H 
olefination reaction offers a departure from 
these approaches both in the retrosynthetic sense 
(in that it represents a different synthetic dis- 
connection associated with a distinct pool of 
starting materials) and in the forward sense (in 
that the key transformations are highly step- and 
atom-economical). 

Using our original protocol (Fig. 2), commer- 
cially available 2,3-dimethoxyphenylacetic acid 
(4d) could be transformed to intermediate 6d, in 
high yield. A straightforward sequence of hydro- 
genation, ester formation, Dieckmann condensa- 
tion, and decarboxylation yielded 2-tetralone 
derivative 19 (Fig. 4A) (29). Notably, nearly all 
substrates described in this work could potentially 
be used to synthesize a diverse range of 2-tetralones. 

Next, we demonstrated the utility of both 
protecting group—controlled and ligand-controlled 
position-selective olefination by synthesizing the 
naphthoic acid components of both neocarzino- 
statin (1) and kedarcidin (3) (Fig. 4). The use of 
a triisopropylsilyl (TIPS) group afforded the de- 
sired positional selectivity for the preparation of 
21-A (Fig. 4B). This key intermediate could then 
be cyclized in accordance with literature prece- 
dent (28) to give the naphthoic acid component 
22 of neocarzinostatin (1) (26). On the other 
hand, the ligand-controlled position-selective 
olefination of 9 afforded 10-A in high yield 
(Fig. 4C). 10-A could then be converted into 
the desired naphthoic acid product (23) follow- 
ing a two-step procedure developed by Myers 
and Hirama: formation of the acid chloride and 
[62] electrocyclization (25, 27). In all three of 
these cases, the reaction sequences are among 
the highest-yielding and most atom- and step- 
economical routes achieved to date for access- 
ing these widely studied, commonly occurring 
core structures. 

In this report we have attempted to demon- 
strate the importance of ligand development (30) 
for enabling unique reactivity and selectivity in 
C-H activation, as well as to illustrate two con- 
ceptual prerequisites for the widespread applica- 
tion of Pd-catalyzed C-—H activation in organic 
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4 Boc-Val-OH 23 6:1 10 Fmoc-lle-OH 16 5:1 
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*Based on 'H NMR. The di-olefinated product was formed in less than 5% conversion. t24 h. #7 mol% Pd(OAc)>, 7 mol% BQ, 14 
mol% L. 
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*Based on 'H NMR. Products derived from substrates 9, 11, 13, and 15 are labeled 10-A/B, 12-A/B,14-A/B, and 16-A/B respectively. 
Only the major products were isolated and characterized. t?-Butyl acrylate was used as the coupling partner. #15 mol% Pd(OAc)>s, 15 
mol% BQ, 30 mol% Formyl-lle-OH. 
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*Isolated Yield. t2-Nitrophenylacetic acid was used as substrate; the product was completely decarboxylated under the reaction 
conditions: 10 mol% Pd(OAc), 10 mol% BQ, 20 mol% Boc-Val-OH. *Mono:Di = 2:1. §4-Nitrophenylacetic acid was used as substrate; 
decarboxylated:non-decarboxylated = 2:1. "PG, = (-)-Menthyl(O,C). TMono:Di = 3:1. 
Fig. 3. (A) Selected amino acid ligand screening data for position-selective C-H olefination. (The full 
ligand screening data are available in table S8.) (B) Substrate scope for ligand-controlled position- 
selective C-H olefination. (C) Ligand-enabled C-H olefination with 2 mol% Pd(OAc)2. (D) Amino acid 
ligand—enabled C-+H olefination with problematic substrates. 


pate that this C—H olefination reaction and others 
grounded in this philosophy will find broad 
applicability in multifarious synthetic endeavors. 


synthesis: (i) versatile substrates and coupling 
partners, and (ii) precise control of positional 
selectivity in C—H functionalization. We antici- 
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MeOH, rt. (c) CHaNo, Et,0, 0 °C, 93% (two steps). (d) KOtBu, Et,0, rt. (e) HCI/HOAc, 110 °C, 69% (two steps). 


CO,Me 
TIP: TIP: M OH 
“tt 
i 
fm 
nee. a Controlled CO,Et 
Position-Selective Me Me 
C-H Olefination 21-A 22 


Reagents and conditions: (a) Pd(OAc),, BQ, ethyl acrylate, KHCO3, tAmylOH, O, (1 atm), 85 °C, 77%, A:B = 10:1. (b) Ho (balloon), 
Pd/C, MeOH, rt. (c) EtsNe3HF, THF, rt. (d) Mel, KzCO3, acetone, reflux, 69% (3 steps). (e) KO#Bu, Et,O, rt, 88%. (f) BrCClz, DBU, 
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Reagents and conditions: (a) Pd(OAc),, BQ, tbutyl acrylate, KHCO3, Boc-lle-OH, tAmylOH, Oz (1 atm), 85 °C, 86%, A:B = 23:1 
(without ligand, A:B = 1.5:1). (b) (COCI)z, CH2Clo, rt. (c) HPrgNEt, CH2Cl, rt, 87% (two steps). 


Fig. 4. (A) Synthesis of 7,8-dimethoxytetalin-2-one. (B) Synthesis of the naphthoic acid component of 
neocarzinostatin (1). (C) Synthesis of the naphthoic acid component of kedarcidin (3). 
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Nanoporous Gold Catalysts for Selective 
Gas-Phase Oxidative Coupling of 
Methanol at Low Temperature 


A. Wittstock,? V. Zielasek,? J. Biener,2* C. M. Friend,?* M. Baumer ?* 


Gold (Au) is an interesting catalytic material because of its ability to catalyze reactions, such as 
partial oxidations, with high selectivities at low temperatures; but limitations arise from the low O, 
dissociation probability on Au. This problem can be overcome by using Au nanoparticles supported 
on suitable oxides which, however, are prone to sintering. Nanoporous Au, prepared by the 
dealloying of AuAg alloys, is a new catalyst with a stable structure that is active without any support. 
It catalyzes the selective oxidative coupling of methanol to methyl formate with selectivities above 
97% and high turnover frequencies at temperatures below 80°C. Because the overall catalytic 
characteristics of nanoporous Au are in agreement with studies on Au single crystals, we deduced that 
the selective surface chemistry of Au is unaltered but that Oz can be readily activated with this 
material. Residual silver is shown to regulate the availability of reactive oxygen. 


triggered a growing interest in a “green chemical 
industry,” especially for the production and 
processing of commodity chemicals (2, 3), which 


n ever-increasing demand for resources 
enforces the need of sustainability in all 
arenas (/). This new challenge has 
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is based on more efficient processes working 
under mild conditions (low temperatures and 
ambient conditions) and relying on cheap and 
abundant feedstock. In this context, gold (Au)}- 
based catalysts have attracted considerable atten- 
tion in the past decade because of their nontoxic 
nature and the ability to promote selective 
reactions at low temperatures. In particular, the 
potential of Au for partial oxidation reactions, such 
as the selective oxidation of alcohols (4-6) and 
hydrocarbons (7, 8), was demonstrated in numer- 
ous studies. Model studies on single-crystal Au 
provided molecular-scale insight into the activity 
of gold, showing that atomic oxygen is the key 
species that promotes a range of selective oxida- 
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tive transformations (9). Its presence activates Au 
surfaces for reactions with organic species, 
including methanol (/0), and also serves as the 
source of oxygen for other oxidation reactions, 
such as the transformation of olefins to epoxides. 
The comparatively weak adsorption of the partial 
oxidation products on Au allows them to desorb 
before being further oxidized. This delicate 
balance between Au’s oxidation power and its 
relatively weak interaction with partial oxidation 
products distinguishes Au from other catalytic 
metals, such as Pd and Pt. 

Yet, one technological impediment to the use 
of Au as a catalyst is O> dissociation. Studies on 
single-crystal Au surfaces have shown that the 
dissociation probability for Oz is extremely low 
[<<10 © (/1)], so that mechanistic studies on 
such surfaces had to rely on more reactive ox- 
ygen sources, such as ozone (/0, 12) or oxygen 
atoms (/3). 

However, it is also well known that Au can be 
activated as a catalyst by depositing small par- 
ticles in the range of 2 to 5 nm on suitable oxide 
supports, such as titania and ceria (/4—/6). Mech- 
anistic studies have suggested that undercoor- 
dinated atoms (/7, /8) play a role in inducing 
dissociation and that the support (/9) should be 
involved in supplying oxygen—for example, at 
the particle perimeter. However, the structural 
complexity—including defect sites, the interface 
to the oxide, hydroxyl groups on the support, 
and ionic Au species—has limited the under- 
standing of the catalytically important factors. 
Another barrier to the use of supported Au cata- 
lysts is their tendency to sinter (to agglomerate) 
under reaction conditions. This process often leads 
to poor long-term stability; thus, there are only a 
few examples in which Au catalysts are used in 
industrial heterogeneous catalysis. 

In view of these problems, unsupported Au- 
based material systems have attracted attention 
(20), including nanoporous Au (np-Au), which 
can be prepared by leaching Ag from an Au-Ag 
alloy through a route similar to that for the 
preparation of Raney nickel. This monolithic 
material consists of a three-dimensional network 
of ligaments with diameters on the order of 10 to 
50 nm, depending on the preparation conditions 
(Fig. 1 shows an example of np-Au prepared by 
means of “free corrosion” in nitric acid, which 
exhibits ligaments in the range of 30 nm), and 
contains a large fraction of low-coordinated Au on 
the surface of the material. Although not in contact 
with an oxide support, np-Au exhibits excellent 
activity for low-temperature CO oxidation with O, 
as an oxidant at atmospheric pressure (2/). Itis also 
active for liquid-phase oxidation of glucose (22), 
electrochemical oxidation of methanol (23), and 
O, reduction in fuel cell applications (24), but it 
has not been used for more complex reactions in 
gas-phase catalysis so far. In spite of the reduced 
structural complexity of the material as compared 
with that of deposited nanoparticles, the reason for 
its unexpected catalytic activity is still not clear. 
We now show that np-Au can catalyze selective 


oxidative coupling reactions of alcohols in the gas 
phase, and we present an explanation for its 
surprising activity. 

Oxidation ofmethanol was chosen as an example 
because mechanistic studies on Au single crystals 
recently predicted a highly selective surface 
chemistry leading to methyl formate as a coupling 
product of the partial oxidation product formalde- 
hyde and unreacted methoxy. Methyl formate is of 
great importance as a precursor for formic acid, 
formamide, and dimethyl formamide. The world 
market for formic acid alone amounts to several 
hundred thousand tons per year (25). Besides its 
application as a precursor, methyl formate is also 
used as a solvent and environmentally friendly 
blowing agent. The current industrial process for 
methyl formate production is based on the 
carbonylation of methanol and generally has 
undesirable by-products or reagents. The industri- 
al catalyst is sodium methoxide, a caustic base that 
is generated by the reaction of metallic sodium 
with methanol (25). 

Regarding green chemistry, it would be desir- 
able to have a process that requires no solvents or 
bases and that relies on molecular oxygen as cheap 
and abundant feedstock. In recent years, processes 
that used O, as an oxidant and transition-metal 
catalysts were developed for the synthesis of a 
variety of alcohols in liquid phase (26, 27). Yet in 
order to achieve satisfactorily high conversion rates, 
the addition ofa base was still necessary, which is in 
agreement with the presumption that the rate- 
limiting step is the deprotonation of the alcohol 
and the formation of the aldehyde. Recently, 
Jorgensen et al. succeeded in the oxidization of 
ethanol to acetaldehyde without added base in a 
batch reactor at temperatures of >90°C using a Au 
catalyst supported on a suitable oxide support (6). 
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Here, however, high oxygen partial pressures in the 
range of 35 bar were necessary. We will show that, 
by using np-Au as a Au catalyst, the process can be 
run under continuous-flow conditions and at 
ambient pressures (1 bar) in temperatures well 
below 100°C. 

Monolithic disks of np-Au (with a diameter 
of 0.5 cm and thickness of 200 um) were placed 
directly into the gas stream within the reactor (fig. S3). 
The composition of the gas stream at the exit of the 
reactor was monitored with an infrared gas analyzer 
(for CO, detection) and a gas chromatograph with 
mass spectrometric detection (fig. S4). 

For stoichiometric compositions of methanol 
and O, (1 volume % O, + 2 volume % CH3OH), 
the coupling product methyl formate is produced 
almost exclusively. At room temperature (20°C), 
the selectivity toward methyl formate amounts to 
~100% with 10% conversion of methanol. No 
other partial oxidation products, such as formal- 
dehyde or formic acid, were detected within our 
detection limit, placing an upper bound of 0.05 
volume %. Upon increasing the temperature to 
80°C, the selectivity only slightly decreases to 
97% (undesired combustion to CO, accounts for 
the remaining 3%), but the conversion increases 
to 60% (Fig. 2). This reaction rate corresponds to 
a tumover frequency (TOF, number of converted 
molecules per surface site and second) of 0.11 s 
if all surface atoms are taken into account (equa- 
tion S1). When conditions were adjusted to in- 
crease the conversion (6 volume % CH30H + 
10 volume % O,), TOFs of 0.26 s ' were mea- 
sured. Because mass-transport limitation (pore dif- 
fusion) plays a role, as previously shown for CO 
oxidation (28), and presumably not all surface 
atoms take part in the reaction, these TOFs are 
only a lower bound and probably by a factor of 


Fig. 1. Scanning electron micrographs showing the structure of monolithic nanoporous Au. The 
nanoporous structure of the material is homogeneous from the surface into the bulk and is permeable for 
reactants. (Lower right) Proposed mechanism of selective oxidation of methanol on Au surfaces. Methanol 
is activated by surface oxygen and bonded at the surface as methoxy. Subsequent deprotonation leads to 
the aldehyde. Fast reaction of the highly reactive aldehyde with further methoxy leads to the coupling 
product methyl formate (HCO2CH3). In the case of excess oxygen, the aldehyde can be further oxidized, 
resulting in CO, formation. In terms of thermodynamics, the total oxidation product (CO) is strongly 
favored. Gold exhibits a remarkable selectivity toward partial oxidation products, distinguishing it from 


other transition metals. 
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two to five higher, as estimated on the basis of 
the Thiele modulus. In comparison, TOFs reported 
for the oxidation of alcohols by supported Au 
catalysts in the liquid phase are usually lower 
[~0.01 s' to 1 s | (4)] and strongly depend on 
the preparation of the catalyst and the support 
material. 

The long-term stability of the catalytic ac- 
tivity was tested at 30°C and 60°C, keeping the 
sample continuously under reaction conditions 
(1 volume % O + 1 volume % CH3OH). Under 
mild conditions, the activity of the catalyst was 
constant for more than 7 days. At 60°C, the activity 
slightly decreased with a rate of ~6% per 24 hours 
(selectivity unaltered). After 14 days at 60°C, the 
sample was still active and could even be 
reactivated. The turnover number (TON) after 14 
days at this temperature accounted to 687,000, a 
notably higher number as compared. with typical 


supported Au catalysts (4). 
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Fig. 2. Catalytic oxidation of methanol on np-Au. 
(A) The activity and selectivity of the oxidation of 
methanol was investigated under continuous flow 
conditions at different temperatures [the error bar 
for each data point is +0.1% and +4% for CO, 
and methyl formate, respectively; 20.1 mg np-Au; 
total gas stream is 50 standard cubic centimeters 
per minute (sccm); and residual Ag in sample is 
<1 atomic %]. Already at 20°C, close to 10% of 
the methanol is converted to methyl formate. 
Total oxidation (to CO>; blue rhombuses) as well as 
partial oxidation (to methyl formate; gray squares) 
increase with temperature. (B) The selectivity 
(fraction of converted methanol that is converted 
into methyl formate) depends on the temperature 
and the partial pressure of oxygen. For low oxygen 
partial pressures (1 volume %; blue rhombuses), the 
selectivity remains almost constant, whereas for 
elevated oxygen partial pressures (50 volume %; red 
squares), the selectivity decreases with temperature, 
with the methyl formate still being the main product. 
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The relative amount of methyl formate pro- 
duction over combustion decreases as the partial 
pressure of O, is increased (Fig. 2), as can be 
anticipated from mechanistic studies that showed 
that secondary oxidation is favored for higher 
adsorbed oxygen (O.q)-to-methanol ratios. Never- 
theless, even at relatively high O, partial pres- 
sures the selective oxidative coupling is dominant. 
Whereas the selectivity is still above 90% at 20°C, 
it decreased to 78% at 80°C reactor temperature. 
Thus, for higher oxygen partial pressures, forma- 
tion of CO, is more favored as the temperature is 
increased. 

These findings are understood on the basis of 
reaction mechanisms derived from model studies 
carried out under ultrahigh vacuum conditions 
on single-crystal Au surfaces (29): Methanol is 
activated by surface oxygen, which acts as a 
Bronsted base so that adsorbed methoxy species 
can form. Without O,g, no reaction occurs, and 
molecular bonding is relatively weak. Further 
deprotonation leads to short-lived formaldehyde 
that reacts with excess methoxy to methyl 
formate (Fig. 1). If oxygen is present in excess, 
a fraction of the aldehyde is further oxidized to 
formate (HCOO) and subsequently to CO2. Both 
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Fig. 3. Catalytic results for np-Au with an increased 
fraction of residual Ag of 2.5 atomic %o. The oxi- 
dation of methanol was investigated under contin- 
uous flow conditions [error bar for each data point 
is +0.1% (CO,) and +4% (methyl formate), re- 
spectively; 20.6 mg np-Au; total flow of gases is 
50 sccm] at different temperatures. (A) The partial 
oxidation toward methyl formate (gray squares) as 
well as the total oxidation to CO. (blue rhombuses) 
depend on the temperature. (B) The selectivity 
toward methyl formate decreases with rising tem- 
perature, reflecting the behavior of samples with a 
low Ag content in the case of high oxygen partial 
pressures. 
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methoxy and formate have been identified 
spectroscopically, providing the basis for this 
mechanism (/0). Hence, running an oxygen-rich 
reactant composition reduces the selectivity and 
increases the total oxidation yield. The decreasing 
selectivity with increasing temperature is a result of 
the higher activation energy for total oxidation 
pathway [20.8 kcal mol ', as compared with 
14.7 kcal mol! for partial oxidation (29)]. 

Although the major part of the catalytic steps 
apparently can be ascribed to the surface 
chemistry of Au, the efficient dissociation of O, 
is surprising. In previous work, indications were 
reported that residual Ag in the material partic- 
ipates in the activation of molecular oxygen (28). 
To further elucidate the effect of Ag in view of 
supplying oxygen, we investigated the methanol 
oxidation on samples exhibiting the same mor- 
phology but different amounts of residual Ag. 
Fully dealloyed samples contain below | atomic % 
residual Ag, but higher Ag contents can be realized 
by altering dealloying conditions (fig. $2). For this 
study, we prepared samples containing 2.5 and 10 
atomic % residual Ag content according to energy 
dispersive x-ray spectroscopic (EDX) quantifica- 
tion. Our experiments show that the selectivity 
toward partial oxidation decreases with increasing 
Ag content. Similar conversions were obtained for 
the 2.5 atomic % Ag np-Au samples and the fully 
dealloyed ones. The higher Ag content, however, 
leads to a loss of selectivity as the temperature 
increases [97% (20°C) — 67% (80°C)], even if 
stoichiometric mixtures (2 volume % methanol + 
1 volume % O>) (Fig. 3) are applied. This response 
is similar to that of samples with low Ag content 
in the case of oxygen-rich mixtures (2 volume % 
methanol + 50 volume % O3). 

Further increase of the content of Ag to 
10 atomic % lowers the selectivity drastically. 
Methy1 formate is no longer formed in the whole 
temperature range up to 80°C, and the only 
detectable product observed is CO3. (In particu- 
lar, no formaldehyde is detected.) Its production 
increases to about 10% conversion of methanol 
when increasing the temperature to 80°C. The 
activity, however, remains below the overall 
activity level (conversion to methyl formate + 
CO.) detected for the samples with <1 and 2.5 
atomic % residual Ag, respectively. 

The data indicate that Ag regulates the availa- 
bility of reactive oxygen on the surface and thus 
controls the selectivity in the case of methanol 
oxidation. An increased Ag content results in a loss 
of selectivity toward methyl formate, favoring total 
oxidation. Thus, the oxidation power of the material 
can be tuned by adjusting the Ag concentration. 
Two possible explanations are conceivable. Either a 
dilute alloy of Au and Ag results in a local change of 
the d-band structure, making the Au locally “less 
noble,” or oxygen is dissociated on Ag patches, 
which deliver the oxygen to the Au through 
spillover or at the perimeter. 

A direct involvement of silver in the coupling 
activity, on the other hand, is unlikely. Although 
Ag can also catalyze the partial oxidation of 
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methanol (29), there are strong arguments against 
such a contribution. First, the major product on 
Ag is formaldehyde (30). Second, high temper- 
atures are needed for the reaction [>250°C (3/)]; 
the industrial process that uses Ag as a catalyst 
works at over 600°C in order to achieve sufficient- 
ly high yields (25). Third, the overall catalytic 
activity of np-Au does not increase but decreases 
as the residual Ag content increases. 

The conclusion that the observed coupling 
reactivity and selectivity is due to Au surface sites 
as reactive sites is also confirmed by experiments 
in which an aldehyde was co-dosed to the 
methanol stream. According to our reaction 
model, the coupling product methyl formate is 
formed by the reaction of formaldehyde with 
methoxy groups. Thus, the formation of mixed 
coupling products can be expected when a 
different aldehyde is added to the reactant 
mixture—a result that was recently obtained in 
model studies on O/Au(111) (32). Thus, selective 
cross-coupling of different alcohols and aldehydes 
should also be feasible on np-Au. In fact, the 
mechanistic model predicts that the methyl esters 
will selectively form because co-feeding the alde- 
hyde circumvents the rate-determining B-C-H 
activation step in the reaction. As an example, we 
chose the reaction of methanol and acetaldehyde, 
which is expected to produce methyl acetate. When 
adding acetaldehyde to the gas stream (1 volume % 
H3C,HO + 2 volume % CH3OH + 10 volume % 
O,), methyl acetate—the coupling product between 
methoxy and the co-fed acetaldehyde—is the only 
product (except for small amounts of CO). No 
methyl formate is detected, as is anticipated from 
the molecular-scale mechanism. Thus, the reac- 
tivity of the aldehyde causes the selectivity to 
change toward the new coupling product and opens 
the door to a rich coupling chemistry on np-Au. 


Application of np-Au as a large-scale catalyst 
will depend on the economical viability, which is 
strongly connected to an economic use of the pre- 
cious metal. One approach is to crush the material; 
another one is to coat the alloy on templates work- 
ing as a backbone for catalyst pellets before deal- 
loying. In this way, mass transport limitation 
because of pore diffusion can also be largely 
avoided. The feasibility of the latter approach 
was already proven, resulting in np-Au material 
with a relative density in the range of only 1.5% 
(33), which lies in the range of metal loadings of 
supported commercial catalysts. Future investiga- 
tions will focus on an expansion of the scope of 
reactions to larger primary and secondary al- 
cohols, such as ethanol or ¢ert-butanol. 
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Wetlands are the largest individual source of methane (CH,), but the magnitude and distribution of 
this source are poorly understood on continental scales. We isolated the wetland and rice paddy 
contributions to spaceborne CH, measurements over 2003-2005 using satellite observations of 
gravity anomalies, a proxy for water-table depth I’, and surface temperature analyses 7;. We find 
that tropical and higher-latitude CH, variations are largely described by I and T, variations, 
respectively. Our work suggests that tropical wetlands contribute 52 to 58% of global emissions, 
with the remainder coming from the extra-tropics, 2% of which is from Arctic latitudes. We 
estimate a 7% rise in wetland CH, emissions over 2003—2007, due to warming of mid-latitude and 
Arctic wetland regions, which we find is consistent with recent changes in atmospheric CHy. 


(CH,), an important greenhouse gas, is 
determined by a balance between natural 
and anthropogenic sources and sinks (/), leading 


T« atmospheric concentration of methane 


to an atmospheric lifetime of approximately 9 years 
(2). Renewed interest in global budget calculations 
of CH, levels is due to (i) the largely unexplained 
stability of CH, concentrations during 1999-2006 
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and the renewed growth since early 2007 (3); (ii) 
laboratory and field measurements that support a 
small, previously unidentified, aerobic source of 
CH, from terrestrial vegetation (4); and (iii) new 
satellite observations that provide additional con- 
straints on current understanding (5). Concentration 
measurements of CHy provide global constraints for 
emission estimates, but without additional, inde- 
pendent information it is difficult to attribute 
observed variability to individual sources and sinks. 

Emissions from wetlands are the largest 
single source of CHa, representing 20 to 40% 
of the total CH, emissions budget (/), of which 
70% is estimated to originate from southern and 
tropical latitudes (6). Rice cultivation accounts 
for 6 to 20% of global CH, emissions (/), the 
majority of which originates from south and 
southeast Asia (7). Methanogenesis, the biogenic 
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production of CHy, occurs in natural wetlands and 
rice paddies by the anaerobic degradation of 
organic matter by methanogenic archaea. Produc- 
tion rates are controlled by the availability of 
suitable substrates; alternative electron acceptors for 
competing redox reactions, such as sulfate reduc- 
tion (8); temperature; and soil salinity (9). Aerobic 
oxidation of CH, by methanotrophs is a key 
factorin controlling CH, emissions (/0), with net 
fluxes to the atmosphere being primarily deter- 
mined by the balance between CH, production 
and consumption in the wetland soils. Emergent 
wetland vegetation can also increase the transport 
of CH, between the soil and atmosphere (//). 
Although the controls on methanogenesis from 
wetlands and rice paddies are similar, the two 
sources are typically spatially distinct (72). Never- 


-135 
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theless, there is substantial uncertainty and re- 
gional variation associated with all these controlling 
factors. Wetland emissions dominated the inter- 
annual variability of CH, sources over 1984-2003 
(13). A decrease in wetland emissions over the 
past decade has reportedly masked a coincident 
increase in anthropogenic emissions (/3), lead- 
ing to stable global mean CH, concentrations (/4). 
Changes in the OH sink during 2006-2007 were 
not large enough to explain observed changes in 
CH, concentration (3). 

We present an approach to understanding the 
role of wetlands and rice cultivation in producing 
observed CH, concentrations, using spaceborne 
measurements of gravity and CH, over the 3-year 
period from 2003 to 2005. We used three data sets. 
First, we used satellite column observations of CH4 
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from the Scanning Imaging Absorption Spectrom- 
eter for Atmospheric Chartography (SCIAMACHY) 
instrument (/5) aboard the Envisat satellite, which 
have been retrieved from solar-backscattered ra- 
diation at wavelengths from 1630 to 1679 nm (5), 
accounting for new water spectroscopic parameters 
(16). Retrieved columns, which are most sensitive 
to CH, in the lower troposphere (5), range from 
1630 to 1810 parts per billion, with the largest 
values generally over mid-latitude and tropical 
continents (/6). 

Second, we used gravity anomaly measure- 
ments from the Gravity Recovery and Climate 
Experiment (GRACE) satellite (77). These mea- 
surements, used in previous studies to investigate 
changes in groundwater, have been corrected for 
geophysical mass variations such as tides, atmo- 
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Fig. 1. Correlations (r?) between cloud-free SCIAMACHY CH, column volume 
mixing ratios (VMRs) (in parts per million) and (A) equivalent groundwater 
depth (in meters), determined from gravity anomaly measurements from the 
GRACE satellites (18) and (B) NCEP/NCAR surface skin temperatures (in 


Fig. 2. Time series of SCIAMACHY CH, column Ganges 


kelvin), calculated on a 3° x 3° horizontal grid over 2003-2005. The 
correlation at a given point is determined by at least 15 and typically 60 CH,, 
groundwater, and temperature measurements. See SOM for a description of 
individual data sets. 
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spheric pressure, and wind (/8). Relative equiv- 
alent water height I (in meters), inferred from 
gravity [see supporting online material (SOM)], 
shows seasonal variability ranging from 5 to 20 cm 
over major river basins (/9). We used a I data set 
with a 10-day time step (/8), which we regridded 
to 3° x 3°. Finally, we used surface skin tem- 
perature fields 7; (in kelvin) from the National 
Centre for Environmental Prediction/National 
Centre for Atmospheric Research (NCEP/NCAR) 
weather analyses (20) as a proxy for soil temper- 
ature (SOM). We resolved all three data sets at 
the temporal and spatial resolutions of the I data 
set (SOM). 

We find that that changes in wetlands and rice 
emissions dominate the observed variability of 
CH, columns over wetland regions [square of the 
correlation coefficient (r*) = 0.7, SOM], and 
hence we interpret changes in these columns as 
changes in surface sources. We find that seasonal 
variations in the OH sink (2/) and the CH, 
source from fires (22) typically explain <10 and 
3% of the observed CH, column variability, 
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respectively. CH, column data are available only 
over cloud-free daytime scenes; changes in con- 
trols on wetland CHy emissions on time scales 
shorter than | or 2 days due to processes such as 
rainfall, associated with cloudy conditions, are 
not well described by GRACE or Envisat. We 
excluded analysis over oceans, deserts, and re- 
gions with permanent ice cover. 

To quantify the role of wetlands and rice 
cultivation in determining the observed vari- 
ability of column CHy, we correlated these 
data with concurrent changes in I and 7g over 
2003-2005 (Fig. 1). We find that changes in T 
explain between 40 and 80% of the observed 
variability in CH4 measurements over the tropics. 
We find high correlations over many major river 
basins (SOM), with the exception of the Amazon 
basin, which is described below. We generally 
find a negative correlation between I’ and CHy at 
high latitudes, which can be explained by high T 
in winter due to snow accumulation and asso- 
ciated low CHy emission, and low Tin spring and 
summer due to displacement of snow melt and 
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higher CH, emission as the exposed wetland is 
progressively warmed. At higher latitudes, we 
find that observed variations in CH, are mostly 
explained by changes in Tg (used here as a proxy 
for soil temperature). Changes in 7s over the 
tropics explain little of the observed variation in 
CHy. Analysis of the deseasonalized time series 
shows similar but reduced correlations between 
CH, and I and Ts (SOM). This analysis provides 
global observations of the latitude dependence 
of the controlling factors—water table depth and 
soil temperature—that determine large-scale var- 
iations in wetland and rice paddy CH, emissions 
(6). This work supports our model calculations 
(SOM) that show that wetland and rice paddy 
emissions are largely responsible for observed 
CH, column variations. 

Although variations in methanogenesis are pre- 
dominantly attributed to variations in either ground- 
water or temperature, we account for the more 
complex dependence of methanogenesis with re- 
spect to both quantities (23). Within tropical lati- 
tudes, I’ is expected to be the dominant term in 
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Fig. 3. (A) Logarithmic representation of wetland daily 
emissions of CH, per unit of area inferred from fitting a 
temperature-groundwater wetland model to SCIAMACHY 


CH, concentrations averaged on a 3° x 3° grid over 


2003-2005. The normalized wetland and rice paddy emission distribution was 
scaled to 227 Tg of CH, (2). (B) Zonal integral of bottom-up emission model 
estimates of CH, from wetlands, including bogs and swamps, and rice paddies 
(27) (red); from rice paddies only (green); and from normalized top-down CH, 
emissions over 2003—2005 (blue). The shaded area indicates the uncertainty of 
our estimates due to systematic and random errors (SOM). (C) Predicted changes 
in annual wetland emissions for global wetlands, the tropics, the mid-latitudes 
from 23°N to 45°N, the mid-latitudes from 45°N to 67°N, the Arctic latitudes 
(>67° N), and the Southern Hemisphere. We assume a global wetland CH, flux 
of 170 Tg/year in 2003 (1). The line thickness denotes the estimated uncertainty 
of the predicted changes, including random errors from I and 7; measure- 
ments, and the error associated with 170 Tg/year, which we estimate as the 
standard deviation of global wetland CH, emission estimates taken from the 
IPCC Fourth Assessment Report (1). 
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areas with distinct dry and wet seasons. In areas 
where the preexisting groundwater volume is 
large with respect to I’ variations, a combined T- 
Ts relationship is expected. Figure 2 shows time 
series over four regions that exemplify the relation- 
ship between changes in T’ and column CHy. For 
the Niger and the Ganges basins, changes in T 
coincide closely with the CH, variability, as is 
expected if the CH, signal is due to methano- 
genesis. Over the Amazon basin, the overall 
correlation between T and CH, is negligible 
(1 amazon = 0.01). Changes in T’ over the Amazon 
basin are much larger than values observed over 
other river basins (Fig. 2) and lag behind CH, 
changes by 1 to 3 months in the north of the 
basin, possibly due to the seasonal migration of 
the intertropical convergence zone (SOM), but 
we find a statistically significant correlation over 
the southern half of the basin (south of 4°S, r? = 
0.07). Although the CHy seasonal cycles over 
the north and south Amazon are synchronous, the 
seasonal cycle of wetland groundwater over the 
north Amazon precedes the south Amazon cycle 
by approximately 2 months; considering the east- 
west divide of the Amazon basin does not 
improve the correlation. Wetland emissions over 
the Amazon basin coincide with the Amazon River 
system and its varzeas (24). We acknowledge that 
even large temporal changes in wetland ground- 
water, (4), over this basin will not necessarily 
represent large changes in surface soil moisture 
because of the depth of the wetland groundwater, 
D-+T(, where D represents the initial volume of 
the water column. 

To determine the distribution of wetland emis- 
sions of CH, (F, CH, , in mg/m”/day), we developed 
a simple model (SOM) that describes the time- 
dependent relation between these emissions and 
Ts, and D + T(#) 


T; (t) ~To 
Foi, (2) = KID + oF()]Qw(Ts) 1 (1) 
where o is the fractional influence of I’(¢) on the 
total wetland groundwater volume D + I(A) 
(where 0 < a < 1); Oio(Ts) describes the change 
in methanogenesis rate with a 10 K increase in tem- 
perature, where Ty is a constant (7) = 273.16 K) 
(23); and k (mg/m*/day) incorporates other 
controlling factors (such as soil pH). The tem- 
perature dependence of Qj0(Ts) can be approxi- 
mated by Q10(T)"! (23). We acknowledge 
that the derived values of Q1o(7s) represent the 
relation between methanogenesis and Tg as 
opposed to soil temperature (SOM). We maxi- 
mized the local linear correlation between F CH, 
and SCIAMACHY CH, columns by varying (D/a) 
on a per grid basis and globally fitting Qio(Zo), 
where the gradient is proportional to changes in 
wetland emissions and the intercept is the sum of 
the remaining sources and sinks (SOM). We expect 
wetland and rice paddy emissions to follow a similar 
seasonal cycle, reflecting necessary hydrological 
and temperature conditions, but acknowledge that 
rice paddy emissions occur at specific intervals 
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during the rice cultivation process. The global value 
of Qio(7o) that best fits the data is 1.65 + 0.15, 
although we find that wetland and rice paddy 
emission distributions remain similar within the 
range 1 < Qio(Zo) <2. 

The resulting normalized F’ CH, distribution 
was then scaled to a total global wetland and rice 
paddy source of 227 Tg of CHy/year, using the 
median value from the Intergovernmental Panel 
on Climate Change (IPCC) Fourth Assessment 
Report (/) to derive global emission rates shown 
in Fig. 3A. We find the largest CH, fluxes over 
South America, equatorial Africa, and southeast 
Asia. Emissions over the extratropical Northern 
Hemisphere are generally lower, but have 
elevated values over northern Europe and central 
Siberia and local peaks over North America. We 
find that uncertainties associated with extratrop- 
ical CH, fluxes are an order of magnitude smaller 
than those associated with tropical fluxes (SOM). 

We used prior information about rice paddy 
distributions (/2) to isolate wetland regions from 
our emission estimates. The resulting latitudinal 
distribution of wetland emissions is similar to 
those produced by independent bottom-up emis- 
sion estimates (Fig. 3B) and is within the range of 
the large intermodel differences (25). We find 
that the tropics account for 55.5 + 2.5% of global 
wetland emissions, with the Amazon and Congo 
river basins accounting for 20.0 + 2.6 Tg of 
CH,/year and 25.7 + 1.7 Tg of CH,/year, respec- 
tively. We find that rice paddy areas account for 
29.1 + 0.6% (66.0 + 1.4 Tg of CHy/year) of the 
total rice plus wetland CH, source, acknowledg- 
ing that a small proportion of this may be attri- 
buted to the spatial coincidence of rice paddies 
and wetlands. We find that rice paddy emissions 
centered over China and south and southeast Asia 
account for 32.5 + 3.7 Tg of CHy/year of the 
global rice paddy source, which is in agreement 
with bottom-up emission estimates (/2). 

We used our F’ CH, model to determine the 
evolution of wetland CH, emissions over 2003-— 
2007 relative to 2003 emissions. The change in 
annual emissions over that 5-year period was 
evaluated using the product of the fractional 
emission change and the wetland CH, map in 
Fig. 3A. We omitted areas of rice cultivation (2), 
where year-to-year changes in CH, emissions are 
determined by irrigation and other management 
regimes. We find a progressive global increase in 
CH, from wetlands over 2003-2007, due mainly 
to temperature increases at extratropical latitudes 
(45° to 67°N). We also find that Arctic wetland 
emissions (>67°N) increased by 30.6 + 0.9% over 
2003-2007 to approximately 4.2 + 1.0 Tg of 
CH,/year (SOM). We find that emissions from 
tropical wetlands remained constant over 2003— 
2006, with the exception of a 2.1 + 0.7 Tg/year 
increase during 2007, most of which is accounted 
for by increased fluxes over the Congo (0.7 + 
0.2 Tg of CHy4/year) and Sahel (0.9 + 0.2 Tg 
of CH4/year) regions, as a result of increasing 
groundwater volume. The declining groundwater 
volume over tropical river basins over 2003-2006 
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did not significantly affect year-to-year changes in 
global wetland emissions. Our emissions 
calculations lead to better agreement with observed 
surface CH, anomalies over 2003-2008 than those 
obtained using bottom-up wetland emissions (SOM), 
reproducing the observed post-2006 positive anomaly 
in both the Northern and Southem Hemispheres. This 
supports the idea that changes in wetland 
emissions have significantly contributed to recent 
changes in atmospheric CH, concentrations. 
There is substantial potential for wetland 
emissions to feed back positively to changes in 
climate (23), and therefore it is critical that we 
understand the extent of overlap between wet- 
lands and regions that are most sensitive to 
projected future warming. We anticipate that the 
new constraints developed here will ultimately 
improve model predictions of this feedback. 
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Lower Predation Risk for Migratory 
Birds at High Latitudes 


L. McKinnon,?* P. A. Smith,” E. Nol,? J. L. Martin,* F. I. Doyle,> K. F. Abraham,° 
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Quantifying the costs and benefits of migration distance is critical to understanding the evolution 
of long-distance migration. In migratory birds, life history theory predicts that the potential 
survival costs of migrating longer distances should be balanced by benefits to lifetime reproductive 
success, yet quantification of these reproductive benefits in a controlled manner along a large 
geographical gradient is challenging. We measured a controlled effect of predation risk along a 
3350-kilometer south-north gradient in the Arctic and found that nest predation risk declined more 
than twofold along the latitudinal gradient. These results provide evidence that birds migrating 
farther north may acquire reproductive benefits in the form of lower nest predation risk. 


ife history theory predicts that the costs of 

migration must be compensated for by 

benefits to lifetime reproductive success 
(/, 2). Costs of migration include the metabolic 
and energetic requirements of flight (3), high 
mortality risk (4, 5), and exposure to extreme 
weather events (6, 7). Such negative effects are 
expected to be important for migrant birds that 
breed in the Arctic, where severe weather events 
during migration or upon arrival at the breeding 
grounds can lead to poor body condition, breeding 
failure, complete reverse migration, and even death 
(8). Bird migration patterns have been thought to 
be determined mainly by food availability (9), 
habitat-related parasite pressures (/0), and preda- 
tion risk during migration (4). 

Arctic-nesting birds exhibit some of the most 
impressive migratory strategies, such as flying 
from wintering areas at the southern tip of South 
America, southern Africa, and Oceania to their 
breeding grounds in the Arctic (//, /2). The 
physiological costs of migrating to and breeding 
at these arctic sites have been well documented for 
species such as shorebirds (7, 13, 14). Birds could 
reduce these costs by breeding at more southerly 
latitudes, thereby decreasing both migration costs 
and the metabolic costs of breeding in the extreme 
arctic environment. However, if competition for 
food resources, risk of parasite infection, and 
predation at southern sites are high, then in- 
creasing migration distance could have repro- 
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ductive and/or survival benefits. Potential fitness 
benefits of breeding at higher latitudes have been 
quantified in terms of reduced parasite loads (/5) 
and greater food availability due to longer day- 
light hours (/6). 

Reduced predation at higher-latitude sites has 
yet to be quantified. Predation risk has emerged as 
a dominant force in the evolution of avian life 
history, influencing the selection of nest sites and 
underlying latitudinal clines in the clutch size of 
passerines (/7). We thus predicted that the risk of 
nest predation could also play a key role in 
balancing the costs of long-distance migration. If 
so, we would expect a negative relationship 
between nest predation risk and latitude in arctic 


Fig. 1. Average latitudinal de- 


ground-nesting shorebirds. To test for this relation- 
ship, we systematically measured predation risk by 
monitoring the survival of 1555 artificial nests for a 
minimum of two summers at seven shorebird 
breeding sites (table S1) (8) over a latitudinal 
gradient of 29° (~3350 km) from sub-Arctic to 
High-Arctic regions of Canada (Fig. 1). By mon- 
itoring artificial nests, we controlled for the het- 
erogeneity in survival associated with real nests 
[temporal, spatial, interspecific, and intraspecific 
behavioral differences (/9)] to yield a controlled 
effect of predation risk. We monitored artificial 
nests during early and late shorebird incubation 
periods. We then tested for the effect of latitude 
on predation risk, using Cox proportional hazards 
regression (/8, 20). 

As predicted, nest predation risk was negative- 
ly correlated with latitude. For an increase in 1° of 
latitude, the relative risk of predation declined by 
3.6% (coefficient —0.0360, SE 0.0045, x1 = 
63.77, P < 0.0001; Figs. 1 to 3). This equates to 
a decrease in predation risk of 65% over the 
studied latitudinal transect of 29°. Previous studies 
investigating latitudinal trends in predation risk on 
the nests of temperate-breeding neotropical mi- 
grants failed to detect any clear south-north gra- 
dient (2/). These differences in results could be 
attributed to differences in real patterns of preda- 
tion risk between temperate versus arctic envi- 
ronments, or they could be due to differences in 
methodological approaches. In our study, artifi- 
cial nests enabled us to measure a standardized 
predation risk, as opposed to the nest success of 
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Fig. 2. Kaplan-Meier survival probabilities over 9 exposure days for artificial 
nests by site for all years during early (A) and late (B) shorebird incubation 
periods. Each data point on the curve represents the Kaplan-Meier survival 


Fig. 3. Mean failure time in days 8 
(£SEM) for depredated artificial nests 
by latitude for all years during early 
(open circles) and late (solid circles) 
shorebird incubation periods. Low 
mean failure times indicate rapid 
nest loss (high predation risk). Each 
data point is based on 2 to 4 years of 
data per site [see table S1 for details 
(18)]. Overlapping data points for 
Bylot Island (73° N) have been offset 
by +0.2°. . 


nm 


Mean failure time (days) 


50 


real nests, which is affected by several factors other 
than predation pressure [for example, parent birds 
can compensate for an increased risk of predation 
by increasing the defense of their nest (22)]. 
These results provide evidence that the costs 
of migrating farther north could be compensated 
for by decreases in predation risk at higher 
latitudes. However, can lower predation risk at 
higher latitudes really compensate for the increased 
migration distances and increased metabolic 
harshness experienced by High-Arctic—nesting 
species? Though we may have good estimates of 
the energetic costs of flying (23) and how standard 
metabolic rates change with latitude (they increase 
by 1% per degree of latitude) (24), we still lack the 
basic understanding of how these variables affect 
adult survival. The apparent cost associated with 
migrating to Arctic breeding areas is indicated by 
the reduced survival of adults that fail to achieve 
adequate condition before leaving the last spring 
staging area (7, /3); however, it is not known 
whether the increased mortality is associated with 
migration, breeding, or both. To explore these trade- 
offs, we require better estimates of demographic 
parameters for birds breeding at various latitudes, 
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so that we can model the contrasting effects of 
adult survival versus reproductive components. By 
combining studies on marked individuals with 
systematic sampling of ecological conditions ex- 
perienced on the breeding grounds, we will better 
be able to link individual itineraries with life history 
events, thus improving our theoretical understand- 
ing of the ecology and evolution of long-distance 
migration. 
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The Genetic Map of Artemisia annua L. 
Identifies Loci Affecting Yield of the 
Antimalarial Drug Artemisinin 
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Artemisinin is a plant natural product produced by Artemisia annua and the active ingredient in the most 
effective treatment for malaria. Efforts to eradicate malaria are increasing demand for an affordable, 
high-quality, robust supply of artemisinin. We performed deep sequencing on the transcriptome of A. 
annua to identify genes and markers for fast-track breeding. Extensive genetic variation enabled us to 
build a detailed genetic map with nine linkage groups. Replicated field trials resulted in a quantitative 
trait loci (QTL) map that accounts for a significant amount of the variation in key traits controlling 
artemisinin yield. Enrichment for positive QTLs in parents of new high-yielding hybrids confirms that the 
knowledge and tools to convert A. annua into a robust crop are now available. 


alaria is a global health problem with 
Mes than 1 billion people living in 

areas with a high risk of the disease. 
Artemisinin combination therapies (ACTs) are the 
recommended treatment for uncomplicated ma- 
laria caused by the Plasmodium falciparum 
parasite (/). Parasite resistance to artemisinin has 
recently been confirmed in western Cambodia (2). 
It has long been recognized that the problem of 
artemisinin resistance is best addressed by in- 
creasing access to ACTs and discouraging the 
use of artemisinin monotherapies (3). This ap- 
proach has strong support from the global health 
community with both funding and demand for 
ACTs expected to increase massively in the 
short- to midterm (3). However, there is growing 
concern that the supply chain will be unable to 
consistently produce high-quality artemisinin in 
the quantities that will be required (3). Artemisinin 
is a sesquiterpenoid synthesized in the glandular 
trichomes of the Chinese medicinal plant Artemis- 
ia annua L. (4-10). For a pharmaceutical with 
annual sales exceeding 100 million treatments, 
ACT supply remains reliant on the agricultural 
production of artemisinin. Plant-based production 
of artemisinin is challenging because A. annua 
remains relatively undeveloped as a crop. An al- 
ternative microbial-based system that synthesizes 
an artemisinin precursor for chemical conversion 
isin development (//, /2). This would supplement 
but not replace agricultural production, which will 
continue to be an essential source of supply (3). 
Improved varieties of A. annua for developing- 
world farmers would bring immediate benefits to 
the existing artemisinin supply chain by reducing 
production costs, stabilizing supplies, and improv- 
ing grower confidence in the crop (3). 
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A, annua is a member of the Asteraceae 
family that favors outcrossing over selfing (/3). The 
artemisinin content of plants from different origins 
varies considerably and is highly heritable (74). The 
market leader for artemisinin production, at present, 
is Artemis, an F, hybrid (population) variety 
developed by Mediplant (Conthey, Switzerland) 


(/4). Artemis seed is produced from a cross between 
two heterozygous and genetically different parental 
genotypes, called C4 and Cl, that are themselves 
maintained vegetatively. In this study, we have used 
the Artemis pedigree to establish genetic linkage and 
QTL maps for this species and independently 
validated positive QTL for artemisinin yield. 

We used the Roche 454 pyrosequencing plat- 
form to produce expressed sequence tag (EST) 
databases from cDNA libraries derived from 
enriched glandular trichome preparations of young 
leaves, mature leaves, and flower buds from the 
Artemis hybrid (/5). cDNA libraries and EST 
databases were also prepared from meristem tissue 
(including very young leaf tissue) and cotyledons. A 
selection of key genes associated with metabolic 
pathways and phenotypic traits such as trichome 
development and plant architecture that could 
affect artemisinin yield are illustrated in fig. S1, 
together with their relative abundance in the dif- 
ferent libraries (SOM Text and table S1). The EST 
sequences were also used for in silico identifica- 
tion of single-nucleotide polymorphisms (SNPs), 
short sequence repeats (SSRs), and insertions/ 
deletions (InDels), which can be used as mo- 
lecular markers for mapping and breeding (/5). 
We identified 34,419 SNPs from DNA sequences 
contained in the five EST databases derived 
from the Artemis F; hybrid material, represent- 
ing amean SNP frequency of | in 104 base pairs 
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Fig. 1. High-throughput identification and validation of SNP markers in three A. annua populations. (A) 
Frequency distribution of potential SNPs identified in silico from EST databases produced by pyrosequencing 
cDNA libraries from the Artemis F, hybrid, Population U (commercially grown in Uganda) and Population M 
(commercially grown in Madagascar). The observed distribution of SNP frequency correlates closely with an 
exponential distribution for each data set as indicated by the curved black lines, which trace the expected 
distribution and R* values that are greater than 0.85 in all cases. Stringent selection criteria resulted in ap- 
proximately only 10% of contigs being used for SNP identification (25). (B) Genotyping the Artemis pedigree. 
Subsets of in silico—identified SNPs from each population were selected for hybridization-based detection on the 
Illumina Goldengate Genotyping platform. The three pie charts show the genotyping of the Artemis pedigree with 
SNPs from Artemis, and Populations U and M. Color coding illustrates the proportion of SNPs that were poly- 
morphic in the C4 parent (orange), polymorphic in the C1 parent (blue), polymorphic in both parents (purple), 
monomorphic in both parents for opposite alleles (green), and monomorphic in both parents for the same alleles 
(gray). This latter class is due to alleles being polymorphic in Population M or Population U but not in Artemis. 
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(Fig. 1A). This polymorphism was confirmed ex- 
perimentally with 19 amplified fragment length 
polymorphism (AFLP) primer combinations that 
revealed 322 polymorphic markers (table S2). The 
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in silico approach also identified 49 SSR markers 
that segregated in the Artemis F, population (table 
S3). We extended the in silico approach to two 
other A. annua populations, commercially grown 
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Fig. 2. Phenotypic variation in the Artemis F, grown in UK field trials in 2007. The distribution of four traits 
related to artemisinin yield is illustrated. (A) Artemisinin concentration at harvest (7 months after sowing). 


Metabolite profiles showing artemisinin and related 


metabolites from the lowest- and highest-yielding plants 


relative to an internal standard (IS) are presented. artB, arteannuin B; DHEDA, dihydro-epi-deoxyarteannuin B; 


DHAA, dihydroartemisinic acid; AA, artemisinic acid. 


(B) Leaf area 5 months after sowing. Images show leaves 


from positions 20, 21, and 22 from the apical meristem. (C) Trichome density 5 months after sowing. The abaxial 
surface of leaves 15, 16, and 17 from the apical meristem was visualized by fluorescent microscopy. Glandular 
trichomes appear as bright green spots. (D) Fresh weight of aboveground plant material at harvest (7 months 
after sowing). (E) Principal component analysis of traits related to artemisinin yield. Architecture, leaf, and 
metabolite traits additional to those detailed in (A) to (D) are also included in the analysis as shown. 
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in Uganda (Population U) and Madagascar (Popu- 
lation M), and found that the mean SNP frequen- 
cies of 1 in 88 and 1 in 91 base pairs, respectively, 
are only slightly higher than that of the Artemis F; 
hybrid (Fig. 1A). 

We used the Illumina GoldenGate Genotyping 
platform to exploit this genetic resource, employ- 
ing stringent criteria for selection of 1536 SNPs 
from the pool of 133,000 in silico—identified SNPs 
from Artemis and Populations U and M (/5). The 
subset of SNPs represented candidate genes and 
their homologs, as well as others chosen randomly 
with the aim of having well-spaced markers for the 
genetic linkage map. We developed size-based 
markers in addition for 104 of the 1536 SNPs that 
allowed the two alleles in each case to be distin- 
guished by capillary electrophoresis, and these fur- 
ther confirmed the segregation data derived from the 
Illumina platform (table S3). Genotyping the Artemis 
pedigree confirmed that extensive heterozygosity 
exists in the Artemis parents (Fig. 1B). Of SNPs 
derived from Populations U and M, 70% and 64%, 
respectively, were also found to segregate in the 
Artemis pedigree. The heterozygosity in C4 is roughly 
double that of C1, reflecting differences in the history 
of these genotypes. A number of markers are mono- 
morphic in both parents for opposite alleles. These 
fixed differences between parents will segregate in 
generations beyond the F), thereby offering addi- 
tional segregation ofalleles not revealed in Artemis. 

Phenotypic variation can be seen in the 
Artemis pedigree, consistent with the high level 
of genetic variation. This is shown in Fig. 2 for 
our mapping population of the Artemis F), grown 
in UK field trials during 2007 (UK07). Metabolite 
profiling revealed concentrations of artemisinin 
that ranged from 0.93 to 20.65 ug/mg dry weight, 
with associated metabolites also showing varia- 
tion (Fig. 2A). Leaf area ranged between 508.76 
and 4696.08 mm? (Fig. 2B), glandular trichome 
density between 4.89 and 19.11 mm ° (Fig. 2C), 
and plant fresh weight between 160 and 4440 g 
(Fig. 2D). These traits are targets for increasing 
artemisinin yield, which is a product of both 
artemisinin concentration and plant fresh weight. 

The fact that the Artemis parents are heterozy- 
gous enabled us to produce genetic linkage maps 
for each parent based on data derived from an F, 
mapping population of 242 individuals (fig. S2) 
(/5). Using a minimum LOD (logarithm of the 
odds ratio for linkage) score of 4.0, we defined 
nine linkage groups for the C4 parent and seven 
linkage groups for C1 (fig. S2). We hypothesized 
that the Cl map is missing two linkage groups, 
designated LG8 and LG9, because two chromo- 
somes in the C1 parent are either homozygous or 
havea very low level ofheterozygosity and therefore 
do not segregate for markers from this parent in the 
F;, so cannot be mapped in this generation. To test 
this hypothesis, an individual F, plant showing high 
heterozygosity in molecular analysis was self- 
pollinated to produce an F, generation. Markers 
seen to be homozygous for opposite alleles in the 
parents, and therefore heterozygous in all F, 
progeny, were genotyped in the F, generation 
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together with markers known to map to LG8 and 
LG9 in the C4 parent. In support of our hypothesis, a 
number of these markers were found to segregate in 
the F, generation. These data allowed F, linkage 
groups for LG8 and LG9 to be defined and anchored 
to the corresponding C4 linkage groups (fig. S2). 
The identification of nine LGs is consistent with 
cytological studies reporting the diploid number of 
chromosomes to be 18 in A. annua (16). The marker 
positions shown on the map were validated by three 


Fig. 3. A selection of QTLs for key traits identified 
across three field trials. QTLs are shown to the right 
and distances in centimorgans to the left of each 
linkage group. Thick and thin lines indicate the 
confidence intervals of the QTLs corresponding to 
1 and 2 LOD units below the maximum LOD score, 
respectively. QTLs are shown for artemisinin con- 
centration (in red), artemisinin yield (artemisinin 
concentration x fresh weight) (in black), architec- 
ture (fresh weight and stature) (in green), and leaf 
area (in blue). Trials in which QTLs were detected 
are denoted as UKO7, UKO8 and SWO8. Candidate 
genes associated with QTL are DXR2 (1-Deoxy-D- 
Xylulose 5-phosphate Reductoisomerase 2) and 
MAX3 (More Axillary Branching 3). 


Fig. 4. Genetic analysis of high-yielding plants. 
(A) Distribution of artemisinin concentration (11g/mg 
dry weight) in the F; mapping population of 242 
individuals is shown in blue and that in 130 se- 
lected high-yielding F2 individuals grown in the 
same trial (UKO8), is shown in red. The artemisinin 
concentrations of C4 and C1 grown in the same 
trial are indicated. (B) Distribution of heterozygos- 
ity scores for the same individuals as in (A). (C) The 
position of a major QTL for artemisinin yield on 
LG1 and markers in this region show high segre- 
gation distortion in favor of the increasing alleles 
in 190 F, high-yielding individuals. For the marker 
highlighted in red, the B allele has a positive effect 
on yield (P = 4.4 x 107’) and is overrepresented in 
the high-yielding individuals summarized in the 
table inset. The plotted values for segregation dis- 
tortion represent the —log [Chi-squared] based on 
the observed and expected values for genotype 
classes at a number of markers on linkage group 1. 
(D) The percentage increase in artemisinin con- 
centration (in red) and leaf area (in blue), over 
Artemis F, for seven hybrids produced from crosses 
of selected high-yielding individuals. Values are 
the mean + SE for a minimum of five individual 
replicates. 
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independent approaches: coalignment on the C4 
and C1 maps, common location of multiple markers 
from single candidate genes, and robustness of 
marker order after reconstruction of the map with a 
subset of markers (SOM Text). 

We used vegetative propagation to replicate in- 
dividuals from the mapping population, which en- 
abled us to perform three independent field trials 
using the same genotypes. A single replicate of 
each genotype was tested in 2007 in the UK 


(UKO7) and three replicates of each genotype were 
tested both in the UK (UKO08) and Switzerland 
(SW08) in 2008. Fourteen traits were scored that 
could affect artemisinin yield (Fig. 2E). All these 
traits exhibited a moderate to high heritability 
ranging from 0.41 to 0.62, resulting in the discovery 
of multiple QTLs. Stable QTLs for artemisinin con- 
centration were identified on C4 LG1, LG4, and 
LG9 (Fig. 3 and table S4), which describe 20% of 
the variation in UKO07 and between 30 and 38% in 
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UKO08 and SWO8. Artemisinin yield is a product of 
both artemisinin concentration and fresh weight. 
QTLs for yield colocate to those for artemisinin 
concentration on LG1 and LG9, thus representing 
targets for a breeding program. The artemisinin con- 
centration QTL on LGé4 colocates with a QTL for 
fresh weight but with opposing effects on artemisinin 
yield (Fig. 3). Markers in candidate genes colocate 
with a number of the QTLs. For example, the pre- 
cursor supply gene candidate DXR2 colocates with 
the QTL for artemisinin yield on C4 LG9 and the 
architectural trait candidate gene MAX3 colocates 
with the QTL for stature on C1 LG2. 

In parallel with the development of the marker- 
assisted breeding program, we performed a high- 
throughput screen for artemisinin content in 
23,000 12-week-old glasshouse-grown F, and F3 
plants derived from F, Artemis seed that had been 
mutagenized with ethylmethane sulfonate (/5). 
The mutation frequency in this material was de- 
termined with the TILLING method and found to 
be approximately one EMS-induced mutation per 
5.4 Mb (/5). This is less than the SNP frequency 
determined for Artemis at one polymorphism per 
104 base pairs. This screen should therefore 
identify individuals carrying beneficial mutations 
derived from the EMS treatment and also individ- 
uals carrying improved genetic backgrounds as a 
result of segregation of favorable alleles derived 
from natural variation. We found that the distri- 
bution of artemisinin content among selected high- 
yielding F> individuals is higher than in the UK08 
Artemis F, mapping population (Fig. 4A) even 
though overall heterozygosity is lower (Fig. 4B). 
Next, we determined whether any of the QTLs we 
had identified for artemisinin yield on the basis of 
field trials are overrepresented in the high-yielding 


individuals that had been selected under glasshouse 
conditions. We found strong segregation distortion 
in favor of the advantageous alleles for an 
artemisinin yield QTL on C4 LG (Fig. 4C). These data 
validate this QTL and confirm that for artemisinin 
yield, the genotype has a strong influence on both 
glasshouse-grown and field-grown material. 

An ongoing empirical hybridization program 
of high-yielding plants identified in the high- 
throughput phenotypic screen produced hybrid 
progeny that outperformed Artemis for artemisinin 
concentration and leaf area after 12 weeks’ growth 
under glass (Fig. 4D). The choice of parents for this 
program preceded the availability of QTL data and 
was based on phenotypic characteristics (15). In 
terms of utility in a molecular breeding program, we 
found a significant association of positive artemisinin 
yield QTL in those parents that produced hybrids 
with increased artemisinin yield (P < 0.001). 

Our study has established the molecular basis 
for marker-assisted breeding of this medicinal plant 
species and highlights the reduced timelines that 
are now feasible for developing this platform of 
knowledge and tools. The artemisinin from 4. annua is 
the key component in the ACT treatment of mal- 
aria, and demand for ACTs is expected to increase 
in the immediate future. Development of new high- 
yielding varieties optimized for production in dif- 


ferent geographic regions is now a realistic target. 
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Tetrathiomolybdate Inhibits Copper 
Trafficking Proteins Through Metal 


Cluster Formation 


Hamsell M. Alvarez,’* Yi Xue,’* Chandler D. Robinson,’ Monica A. Canalizo-Hernandez,* 
Rebecca G. Marvin,” Rebekah A. Kelly,? Alfonso Mondragon,7 


James E. Penner-Hahn,? Thomas V. O’Halloran?+ 


Tetrathiomolybdate (TM) is an orally active agent for treatment of disorders of copper metabolism. Here 
we describe how TM inhibits proteins that regulate copper physiology. Crystallographic results reveal 
that the surprising stability of the drug complex with the metallochaperone Atx1 arises from 
formation of a sulfur-bridged copper-molybdenum cluster reminiscent of those found in molybdenum 
and iron sulfur proteins. Spectroscopic studies indicate that this cluster is stable in solution and 
corresponds to physiological clusters isolated from TM-treated Wilson's disease animal models. Finally, 
mechanistic studies show that the drug-metallochaperone inhibits metal transfer functions between 
copper-trafficking proteins. The results are consistent with a model wherein TM can directly and 
reversibly down-regulate copper delivery to secreted metalloenzymes and suggest that proteins involved 


in metal regulation might be fruitful drug targets. 


was first linked to a fatal disorder in cat- 
tle known as “teart” pastures syndrome 
(J) and later to a neurological disorder in sheep 


Fe: dietary molybdate (MoO,” ) uptake 


www.sciencemag.org SCIENCE VOL 327 


known as “swayback” (2). Both disorders arise 
from Mo-induced copper deficiency, and the symp- 
toms are readily reversed with copper supplemen- 
tation. Although molybdate itself has little or no 


affinity for copper ions, the active copper-depleting 
agent, TM (MoS,”), is formed in the ruminants’ 
digestive track and readily reacts with Cu' or Cul” 
to form insoluble compounds. These zoogenic 
studies inspired the development of molybde- 
num compounds to treat copper-dependent diseases 
in humans (3). The potent chelating and antiangio- 
genic activities of orally active formulations of TM, 
such as the ammonium salt [(NH4).(MoS,)] (4-6) 
and the choline salt (ATN-224) (7, 8), have been 
used in treatment of Wilson’s disease, where 
copper accumulation leads to hepatic and neu- 
rological disorders, as well as in the inhibition 
of metastatic cancer progression in a number of 
clinical trials (9/7). TM inhibits several copper 
enzymes, including ceruloplasmin (Cp), ascor- 
bate oxidase, cytochrome oxidase, superoxide 
dismutase (SOD1), tyrosinase, and the Enterococcus 
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hirae adenosine triphosphatase (ATPase) (CopB) 
(12, 13), and also down-regulates the expression of 
cytokines, such as the vascular endothelial growth 
factor, as well as transcription factors, such as 
nuclear factor «B, involved in angiogenesis sig- 
naling pathways (/4, 15). Although TM can bind 
to Cu-Cp (/2), copper—-bovine serum albumin (Cu- 
BSA) (/6), and Cu-containing metallothioneins 
(Cu-MT) (/7) and has been proposed to inhibit 
SOD1 by partially removing copper from the en- 
zyme (8, 18), the reaction chemistry and structures 
of these complexes have not been resolved. 
Metallochaperones constitute a particular kind 
of protein that delivers metal ions to specific 
cytoplasmatic targets in the cell (79). The pro- 
totypical metallochaperone, yeast Atx1, transfers 
Cu’ along a trafficking pathway via electrostatic 


interactions with structurally homologous N- 
terminal domains of the ATPase, Ccc2 (20, 2/). 
Likewise, the closely related human copper metal- 
lochaperone, antioxidant 1 (Atox1), can transfer 
copper to N-terminal domains of the copper- 
transporting ATPases 7a and 7b, also known as 
the Menkes and Wilson disease proteins. All three 
of these proteins are important in mammalian 
copper homeostasis and provide copper to secreted 
enzymes that are important in vascular integrity 
such as Cp and extracellular SOD (ecSOD). We 
anticipated that TM would readily remove Cu' 
from its binding site in Atx] with subsequent 
formation of a typical polymeric CuMo sulfide 
precipitate. We found instead a robust TM- 
metallochaperone complex with metal sulfur ratios 
reminiscent of the FeMo cofactor complex in 


nitrogenase (22) and elucidated how this anti- 
angiogenic drug affects the structure and function 
of a canonical metal-trafficking domain. 

Direct reaction of TM with Cu-Atx! leads to 
rapid formation of an air-stable purple complex 
that can be readily isolated by size-exclusion 
chromatography (23). Crystals of this complex 
diffract to 2.3 A (fig. S1), and the x-ray structure 
reveals the presence of 12 Cu-Atx! molecules in 
the asymmetric unit arranged as four TM-Cu- 
Atx1 noncrystallographic trimers (fig. S2). The 
overall structure of each Atx] monomer is similar 
to previously determined structures, retaining the 
“ferredoxin-like” BoBBaB fold (24), with two 
cysteines involved in copper binding (Cys!> and 
Cys!) located at the protein surface. Superposi- 
tion of the coordinates of Hg-Atxl (PDB code 


Fig. 1. Structure of the [TM][(Cu)(Cu-Atx1)3] drug- 
protein adduct and comparison of Hg-Atx1 and Cu- 
Atox1 with Cu-Atx1 (monomer B) from the [TM][(Cu) 
(Cu-Atx1)3] complex (see movie $1). (A) Top view of 
the trimer cluster. (B) Side view of the trimer cluster. 
Atx1 monomers are shown as blue, purple, and red 
cartoon ribbon diagrams, and copper atoms are 
shown as blue spheres. The TM- and metal-binding 
cysteines are represented with a_ball-and-stick 
model, where a molybdenum atom is shown as a 
cyan sphere, and sulfur atoms are shown as yellow 
spheres. The coordination bonds are denoted with 
green dashed lines. Superposition of Cu-Atx1 (mono- 
mer B) (purple chain) from the TM-Cu-Atx1 complex 
with (C) Hg-Atx1 (green chain, PDB code 1CC8), and 
(D) with Cu-Atox1 (cyan chain, PDB code 1FEE). Sul- 
fur atoms from Cys’? (Atx1) and Cys?® (Atx1) are 
shown as yellow spheres, copper atoms from Cu-Atx1 
(monomer B) are shown as blue spheres, mercury 
atom from Hg-Atx1 is shown as a gray sphere, and 
copper atom from Cu-Atox1 is shown as a light blue 
sphere. (Note: TM is not shown.) The similarities of 
the peptide fold around the metal—binding loop re- 
gions in these three structures suggest that binding 
of Cu by Atx1 in the TM-Cu-Atx1 complex is not dis- 
turbed by TM. The Cu coordination environment in 
Cu-Atx1 from TM-Cu-Atx1 is very similar to the one 
found in Cu-Atox1 (dimer) (25), but differs with the 
nearly linear coordination of Hg in Hg-Atx1 (24). 


A c Cys1 


Cys15 
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Fig. 2. Structure of the nest-shaped [SgCu,MoS,] 
cluster in the [TM][(Cu)(Cu-Atx1)3] trimer complex (see 
movie S1). (A) Structure of the [S,Cu,MoS,] cluster 
with average interatomic distances. The cluster is rep- 
resented with a ball-and-stick model. Atx1 mono- 
mers are as in Fig. 1. Copper atoms are shown as blue 
spheres; sulfur atoms from Cys?> (Atx1), Cys*® (Atx1), 
and TM are shown as yellow spheres; a molybdenum 
atom is shown as a cyan sphere; and nitrogen atoms 
from Lys® (Atx1) are shown as tan spheres. The hy- 
drogen bonds are denoted with yellow dashed lines. 
(B) Cu anomalous peaks in the final model of the 
[S.Cu,MoS,] cluster (blue mesh of the anomalous dif- 
ference Fourier map are contoured at 10.0 o level). 
Sulfur atoms from Cys’? and Cys’® of each of the three 
Atx1 are connected by blue, purple, and red lines. The 
molybdenum atom is tetrahedrally coordinated by four sulfur atoms. The top copper atom displays a trigonal-planar geometry and is coordinated by thiolates from 
Cys’? (Atx1), whereas each of the other three neighboring copper atoms adopts a distorted tetrahedral coordination with ligands from both TM and Atx1. 
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1CC8) (24) and Cu-Atox! (human analog of 
Atxl, PDB code 1FEE) (25) on the monomers 
in the complex (Fig. 1, C and D) reveals that the 
peptide fold around the metal-binding loop is 
unperturbed by TM binding, with an average 
root mean square deviation for the C, atoms of 
~0.67 A (Hg-Atx1) and ~1.3 A (Cu-Atox1). In the 
structure, each Atx] trimer coordinates four copper 
atoms and one TM molecule, with the stoichi- 
ometry [TM][(Cu)(Cu-Atx1)3], which is corrob- 
orated by independent elemental analysis of the 
complex (23). The Cu x-ray absorption near- 
edge structure of the complex indicates that the 
copper remains in the Cu' oxidation state, 
whereas the Mo K near-edge spectrum strongly 
resembles that of tetrathiomolybdate (Mo%’) 
(fig. S3). Aside from a few H-bonding inter- 
actions between monomers, the dominant forces 
stabilizing the trimer are the coordinate covalent 
bonds between the protein CysS atoms and the 
metal cluster. 


A “nest-shaped” copper-molybdenum cluster, 
unprecedented in metalloproteins, is located at 
the center of the Atx1] trimer (Fig. 1, A and B) on 
the threefold axis. The cluster consists of four 
Cu! ions, [MoS,]*, and three pairs of Atx1 CysS 
atoms to give a [SgCusMoS,] cluster (Fig. 2). 
The Mo atom remains tetrahedrally coordinated 
by four sulfide ions with Mo-S distances in the 
range 2.18 to 2.26 A (mean: 2.22 A), as expected 
for Cu-S—Mo cluster interactions and commensu- 
rate with the ones observed in the parent drug 
(2.17 to 2.20 A, mean: 2.19 A) (7). Three of the 
copper atoms bind to the sulfur atoms of cysteines 
15 and 18, and each of these atoms also binds two 
sulfides from [MoS,}°, which results in a dis- 
torted tetrahedral coordination environment for the 
coppers with similar distances for the Cu-S bonds 
to protein side chains (2.21 to 2.44 A, mean: 
2.30 A) or the sulfides of TM (2.24 to 2.40 A, 
mean: 2.29 A). The Mo-Cu distances are in the 
range of 2.74 to 2.82 A (mean: 2.77 A). The 
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fourth sulfide of TM does not coordinate copper 
or interact with protein. On the other side of the 
complex, the fourth copper atom is bound by 
three (Cys'»)S, atoms (2.22 to 2.30 A, mean: 
2.26 A) and exhibits a trigonal planar coordi- 
nation. Thus, three of the four sulfide ions in 
TM form a u3-S bridge between the Mo atom 
and two tetrahedral Cu atoms, whereas each of 
the (Cys'*)S, atoms of three Atx1 behave as a 
bridging ligand between one tetrahedral and one 
trigonal planar copper center. In the tetrahedrally 
coordinated coppers, the (Cys'* )S,-Cu-S,(Cys'*) 
bond angles are larger (118° to 125°, mean: 122°) 
than the (TM)S—Cu-S(TM) bond angles (99° to 
103°, mean: 101°), consistent with a distorted 
tetrahedral site. The geometry at the Mo atom 
is only slightly distorted from tetrahedral, with 
(TM)(t13-S)-Mo-(us-S)(TM) and (TM)(t1x-S)- 
Mo-S(TM) bond angles of 103° to 110° (mean: 
106°) and 109° to 116° (mean: 112°), respectively. 
Protein-TM interactions partially neutralize the 
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Fig. 3. TM inhibition of Atx1 copper chaperone activity, and physiological 
relevance of the [TM][(Cu)(Cu-Atx1)3] complex. (A) TM interferes with copper 
transfer from the Atx1(SeMet) copper chaperone to its target Ccc2a. Inhi- 
bition of the copper transfer function was assayed by native gel elec- 
trophoresis and qualitative LA-ICP-MS. Gel lanes (I, Il, and III) were cut from 
gel (fig. S6). The [TM]{(Cu)[Cu-Atx1(SeMet)]3} (lane I) is represented by band 
1, the Cu-Atx1(SeMet) + apo-Ccc2a (1:1) mixture (lane II) yields bands 2, 3, 
and 4, and the [TM]{(Cu)[Cu-Atx1(SeMet)]3} + apo-Ccc2a (1:1) mixture (lane 
Ill) yields bands 5, 6, 7, and 8. LA-ICP-MS scans are represented by the 
intensities (CPS, counts per second) of ®*Cu (blue) and *°Mo (pink) (x axis), 
and the length of the gel (mm) (y axis). The protein band lengths are shown 
as black double-headed arrows (<); the protein loading wells are shown as 
red double-headed arrows. Excision and gel digestion ICP-MS analysis of 
band 1 shows a Cu/Mo ratio of 3.6 + 0.09 (table $1), whereas LA-ICP-MS 
scans reveal a significant concentration of both metals, leading us to assign 
band 1 as [TM]{(Cu)[Cu-Atx1(SeMet)]3}. Bands 3 (lane Il) and 6 (lane III) are 
identified as the [Atx1(SeMet)-Cu-Ccc2a] heterodimer complex on the basis 
of metal and protein analysis of each band. Band 7 contains a mixture of 
apo-Atx1(SeMet) and apo-Ccc2a with an approximate Cu/Mo ratio of 3.1 + 0.08 
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(ICP-MS) (table $1), which is confirmed by a qualitative LA-ICP-MS identification 
of both metals, indicating the formation of a {(TM)(Cu)[Atx1(SeMet)](Ccc2a)} 
complex. Elemental analysis by ICP-MS of band 8 reveals copper is at or 
below the detection limit, indicating that less than 10% of Cu in the TM-Cu- 
Atx1 complex is transferred to Ccc2a (table $1). Quantitative analysis of the 
gel slice is consistent with LA-ICP-MS scans showing that most of the Cu of 
lane Ill is contained in band 7. These experiments indicate that the formation 
of the [TM]{(Cu)[Cu-Atx1(SeMet)]3} complex disrupts copper translocation 
from Cu-Atx1(SeMet) to the domain A of the P-type ATPase Ccc2. (B) Cu and Mo 
K-edge extended x-ray absorption fine structure (EXAFS) Fourier transforms phase- 
shift overlay (experimental data) for [TMJ[(Cu)(Cu-Atx1)3], and a kidney sample 
extracted from LPP rats treated with TM [from (29)]. The slightly higher amplitude 
of the Mo**eCu peak for the kidney sample compared with the [TM][(Cu)(Cu-Atx1) 
3] reflects the slight difference in the Mo EXAFS best fits, 3 and 2-3 MoeeeCu, 
respectively. The Cu***Mo peak is slightly more intense for the [TM][(Cu)(Cu-Atx1)3] 
complex than for the kidney sample, modeled by 1 Cue**Mo instead of 0.5, 
respectively. Cu and Mo K-edge EXAFS spectra and EXAFS Fourier transform 
including experimental data and best fits are included in figure $13. The fit 
results are summarized in table $2. 


15 JANUARY 2010 


333 


REPORTS 


negative charge delocalized over the [CusMoS,]* 
cluster (fig. S4 and Fig. 2A). Three positively 
charged lysines (Lys), one from each Atxl 
monomer, form hydrogen bonds with the sulfides 
from TM and the thiolates of Cys'®. Strong inter- 
actions are observed for the only terminal S thiolate 
ligand in the cluster (Cys'*-S—Lys®°-NC = 3.3 A) 
relative to 3-S bridging sulfide ligands (TM—u3- 
S—Lys®°-NC¢ = 3.8 A). In addition, H bonds from 
backbone amides (Thr'* and Gly'’) at the amino 
terminus of a helix 2 to metal-bound thiolates 
further neutralize the negative charge of the buried 
cluster. 

Although this type of cluster has not been 
previously reported in metalloproteins, analo- 
gous nest-shaped [Cu3;MoS30] inorganic units 
(with P- and N-donor ligands) are components 
of larger clusters (26). The closest fragment 
analog of the protein-drug adduct is a com- 
ponent of the [Bu’4N]4[Cu;2MosS32] complex. 
Here, a [SeCu3MoS,] unit exhibits similar cluster 
framework with Mo-Cu distances from 2.69 to 
2.75 A, Mo-S distances from 2.06 to 2.25 A and 
Cu-S distances from 2.29 to 2.36 A (27) (fig. S5). 
Another structurally distinct CuSMo center is 
observed in the Cu-Mo-pterin enzyme carbon 
monoxide dehydrogenase from Oligotropha 
carboxidovorans, where a single diagonally co- 
ordinated Cu atom is bound via a bridging sulfide 
to a Mo active site forming a [CuSMo(=O)OH] 
cluster (28). 

To determine whether TM interaction with 
Atx1 inhibits its copper chaperone activity, we 
developed a native gel-based copper transfer 
assay that monitors metal occupancy in a mix- 
ture of TM-Cu-Atx] trimer and Ccc2a, the phys- 
iological partner of Atx1 (fig. S6). The assay 
takes advantage of the fact that apo- and Cu- 
Atx] are clearly distinguishable from Ccc2a and 
TM-Cu-Atx!l in a native agarose gel system 
(23), where the protein and metal content of 
the bands are characterized by a variety of 
analytical techniques to establish the metal- 
lation state of each protein (fig. S7 to S12 and 
table S1). The assay was validated by a com- 
bination of electrospray ionization protein mass 
spectrometry (ESI-MS) and quantitative ele- 
mental analysis via inductively coupled plasma 
MS (ICP-MS) of samples extracted from gel 
slices, as well as by qualitative laser scanning 
elemental analysis, that is, laser ablation with 
ICP-MS (LA-ICP-MS) of the electrophoresis 
gel itself. Three key lanes are shown in Fig. 3A. 
The TM-Cu-Atx1(SeMet) migrates as a positive 
species containing copper and molybdenum 
(lane I). Mixing of apo-Ccc2a and Cu-Atx] 
(SeMet) results in the transfer of copper from 
Cu-Atx1(SeMet) to Ccc2a (lane II). The trans- 
fer of copper from Atxl(SeMet) to Ccc2a is 
almost completely abolished by the presence 
of TM (lane III). Both native Atxl and the 
SeMet analog give similar results. It is intrigu- 
ing that protein analysis indicates formation of 
a new Cu-TM protein complex that contains 
the Ccc2 domain, as well as TM and Cu-Atx1. 


The formation of this heteromeric protein com- 
plex suggests that other proteins with a surface- 
exposed MxCxxC copper-binding motif will be 
able to form similar complexes with TM. 

These results suggest a new model for how 
a drug can disrupt a key protein-protein inter- 
action for metal-trafficking pathways. Support 
for the physiological occurrence of this type 
of metal-protein cluster is shown in Fig. 3B by 
the highly similar Cu and Mo K-edge extended 
x-ray absorption fine structure analysis of the 
[TM][(Cu)(Cu-Atx1)3] complex, and a kidney 
sample extracted from TM-treated LPP rats (animal 
model of Wilson’s disease), where a similar 
[(CuSR)3S4Mo}* -type interaction is proposed 
(29). The stoichiometry of three chaperone mo- 
lecules and four copper atoms per drug molecule 
has several physiological implications. By se- 
questering multiple copper chaperones and the 
metal cargo destined for trafficking to the trans- 
Golgi, TM may suppress Cu incorporation into 
secreted copper enzymes, including those involved 
in modification of the vasculature such as ecSOD, 
copper amine oxidases, lysyl oxidase, and Cp. 
The TM-mediated sequestration of copper-loaded 
metallochaperones may perturb other proposed 
roles of Atox] in regulation of copper-related tumor 
angiogenic factors (30). 

The structure and biochemistry of the TM-Cu- 
Atx! complex also provides chemical insights into 
the puzzling stoichiometry of the dietary Cu-Mo 
antagonism (3/) and suggests why ternary 
complex formation between TM and specific 
Cu proteins can have pronounced physiological 
consequences (32). A relatively small amount 
of dietary molybdenum clearly perturbs the 
timely dissemination of a larger pool of copper 
in deficiency disorders such as swayback and 
teart pasture syndrome. Our results raise the 
possibility that the active agent, TM, function- 
ally suppresses copper trafficking domains that 
control the secretion of the active forms of 
copper-dependent enzymes. Finally, our results 
suggest that proteins involved in such metall- 
ation pathways may be targets for the develop- 
ment of new classes of pharmaceutical agents. 
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Global Analysis of Short RNAs Reveals 
Widespread Promoter-Proximal Stalling 
and Arrest of Pol Il in Drosophila 


Sergei Nechaev,’ David C. Fargo,” Gilberto dos Santos,” Liwen Liu,? Yuan Gao,’ Karen Adelman™* 


Emerging evidence indicates that gene expression in higher organisms is regulated by 

RNA polymerase II stalling during early transcription elongation. To probe the mechanisms 
responsible for this regulation, we developed methods to isolate and characterize short RNAs de- 
rived from stalled RNA polymerase II in Drosophila cells. Significant levels of these short RNAs 
were generated from more than one-third of all genes, indicating that promoter-proximal stalling 
is a general feature of early polymerase elongation. Nucleotide composition of the initially 
transcribed sequence played an important role in promoting transcriptional stalling by rendering 
polymerase elongation complexes highly susceptible to backtracking and arrest. These results 
indicate that the intrinsic efficiency of early elongation can greatly affect gene expression. 


ecent genome-wide studies of RNA poly- 
R= II (Pol II) distribution have demon- 

strated that Pol Il accumulates at promoters 
of many developmentally regulated and stimulus- 
responsive genes in their uninduced states (/—3). 
These findings challenge a common paradigm 
for gene regulation, which holds that recruiting 
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the polymerase to a promoter is sufficient for 
gene activation, and indicate that regulation of 
many genes occurs after transcription initiates. 
An appealing model for such regulation involves 
promoter-proximal stalling, wherein an actively 
engaged polymerase pauses 25 to 50 nucleo- 
tides (nt) downstream of the transcription start 
site (TSS) (4-6). Release of stalled Pol II into 
productive elongation is rate-limiting for the ex- 
pression of several Drosophila and mammalian 
genes (4, 5, 7), and mounting evidence suggests 
that promoter-proximal stalling is a widespread 
strategy for governing transcription output (8). 
However, efforts to define the prevalence and 
mechanisms of Pol II stalling have been ham- 
pered by the lack of a high-resolution, high- 
throughput method to detect transcriptionally 
engaged polymerase. 
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To overcome this obstacle, we developed a 
strategy to map promoter-proximal Pol II in 
Drosophila on a genome-wide scale and with 
single-nucleotide resolution. We isolated RNAs 
derived from stalled polymerase, making use of 
their characteristic properties as previously de- 
lineated for heat shock (Asp) genes: short size 
(<100 nt), nuclear localization, and presence of the 
7-methylguanosine cap that is added to the 5’ end 
of nascent mRNA shortly after initiation (fig. S1) 
(6, 9-11). Short RNA libraries were prepared 
from two independent biological replicates of 
Drosophila embryo—derived S2 cells and se- 
quenced on an Illumina Genome Analyzer, yield- 
ing a combined total of 16.5 million uniquely 
mappable reads (table S1) (/2). 

Our approach efficiently selected for Pol II 
transcripts: ~75% of the reads mapped within 
200 base pairs (bp) of the annotated TSSs of 
mRNA genes (fig. $2). About 98% of short RNAs 
that mapped near promoters aligned with the 
sense DNA strand (fig. S2), presenting no evi- 
dence for divergent transcription in Drosophila. 
Statistically significant levels of short RNAs were 
observed from more than 7400 TSSs (P < 0.005) 
(fig. S3), including >93% of genes that were pre- 
viously defined as possessing stalled polymerase 
in chromatin immunoprecipitation coupled to 
genomic DNA microarray (ChIP-chip) studies 
(Fig. 1, A and C) (/). Genes with stalled Pol II 
generated considerably more short RNAs than 
genes with Pol II that did not appear stalled [Fig. 
1C (P< 0.0001) and fig. S4] (7). However, >85% 
of genes that were not considered stalled in pre- 
vious work also produced short RNAs, presum- 
ably as transient intermediates on the pathway to 
productive transcription (Fig. 1, B and C, and fig. 
S4). Although the number of short RNAs was a 
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Fig. 1. Short capped RNAs are produced by promoter-proximal Pol II. Distribution of 
RNA 5’ ends (blue) and Pol II ChIP-seq signal (red) on (A) myoglianin (CG1838), a gene 


with stalled Pol II and low expression, and (B) CG10289, a gene with more uniform 
polymerase distribution and high expression. The peak number of RNA reads (1-nt 
windows) and Pol II ChIP-seq reads (25-bp windows) is indicated in the corresponding 
color. Insets contain magnified views of the TSSs. (C) The number of short RNAs that 
mapped to stalled genes (median reads/TSS = 1477) as compared to genes that were 
not considered stalled (median reads/TSS = 178). Box plots represent the 25th, 50th, 


_ 


and 75th percentiles, with the bars denoting the 5th and 95th percentiles. (D) Meta- 


gene analysis of 5'-end reads aligned to observed TSSs. 
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poor predictor of gene expression level (fig. S5), it 
was highly correlated with Pol II signal near the 
TSS in ChIP coupled to high-throughput sequenc- 
ing (ChIP-seq) experiments (fig. S4). This finding 
agrees well with recent work indicating that much 
of the polymerase detected promoter-proximally is 
indeed engaged in early elongation (8). 

The 5'-end reads around many TSSs mapped 
to a single nucleotide position (Fig. 1D), consist- 
ent with the idea that initiation in Drosophila is 


highly focused at most promoters (/3). The ob- 
served 5'-end positions frequently differed from 
annotated TSSs, as suggested in earlier examina- 
tions of capped mRNA (fig. S6 and table S2) 
(14). Analysis of the sequences surrounding short 
RNA 5’ ends revealed a much better match to the 
consensus initiator element (/3) than sequences 
around the annotated TSSs (fig. S6), indicating 
that we have accurately identified TSSs. The TSSs 
observed from short RNAs were in good agree- 


Fig. 2. The 3’ ends of short 5'-ends 3'-ends 
RNAs identify sites of polymer- 
ase stalling. The 5’-end (blue) 6412 2117 « 


and 3’-end (orange) RNA reads 
are shown for example genes, 
designated by Flybase gene 
names, with observed TSSs 
indicated by arrows. The num- 
ber of 5’- and 3’-end reads at 
the peak locations is given in the 
corresponding colors. Perman- 
ganate footprints from nuclei are 
shown for each gene, alongside 
purified DNA and the adenine + 
guanine (A+G) DNA ladder. 
Numbers in black indicate 
positions relative to the TSS, and 
brackets show areas of per- 
manganate reactivity. 
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Fig. 3. Promoter-proximal sequences affect Pol II stalling. (A) The 3’-end 
reads were aligned relative to observed TSSs. RNAs shorter than 26 nt are 
not efficiently mapped to the genome (colored in yellow). (B) Metagene 
analysis of melting temperatures (°C) for 9-bp sequences across the ini- 
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ment with those observed from capped RNAs 
isolated without size restriction (fig. S7) (75), in- 
dicating that polymerases generating short RNAs 
initiated from the same TSSs as those that syn- 
thesized full-length mRNA. 

Although our approach readily detected short 
RNAs derived from stalled polymerase, pinpoint- 
ing Pol II location precisely required mapping the 
RNA 3’ ends. Because currently available high- 
throughput procedures allow sequencing of RNAs 
only from 5’ ends, we designed new RNA adapt- 
ers to sequence RNAs directly from their 3’ ends. 
The resultant RNA libraries, prepared from the 
same RNA samples as above, remained fully com- 
patible with commercial sequencing primers and 
chemistry (figs. S2 and S3 and table S1). 

We confirmed that the 3’ ends of short RNAs 
accurately defined locations of Pol II stalling by 
comparing their distribution to positions of engaged 
Pol II independently determined by permanganate 
probing. Permanganate reacts with single-stranded 
thymines on DNA, such as those in an open tran- 
scription bubble, and is currently the most author- 
itative means to detect stalled polymerase in vivo 
(16, 17). We found a remarkable correspondence 
between locations of short RNA 3’ ends and re- 
gions of permanganate reactivity at newly iden- 
tified genes (Fig. 2) and in published studies 
(fig. S8) (, 2, 17, 18). Metagene analysis showed 
that the 3’ ends were distributed primarily be- 
tween +25 and +60 relative to the TSS (Fig. 3A) 
(~6500 genes), which agreed well with pre- 
vious analysis of permanganate reactivity on 
~60 genes (/7). 

Because Pol II stalls within the same promoter- 
proximal interval globally, we wondered whether 
the initially transcribed sequence might contrib- 
ute to stalling. Given that the stability of the 9-bp 
RNA-DNA hybrid in the elongation complex 
greatly influences the efficiency of elongation 
(19, 20), we calculated the melting temperature 
(T,,) of each 9-bp sequence across the initially 
transcribed region for genes shown in Fig. 3A 
and for control genes that did not generate sig- 
nificant short RNAs (Fig. 3B). There were clear 
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tially transcribed regions for genes that generate significant numbers of 
short RNAs (orange) and all other genes (black). (C) 7,, analysis of 9-bp 
sequences surrounding the primary 3’-end location for a subset of genes 
with focused 3’-end positions (N = 434). 
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differences between these profiles: Whereas the 
profile of the control group was essentially flat, 
genes that produced short RNAs exhibited a peak 
of 7, between positions +20 and +35 that cor- 
responded to the primary sites of Pol II stalling. 
This peak was followed by a decline in 7;,, which 
would serve to progressively destabilize the elon- 
gation complex (Fig. 3B) (19, 20). These ob- 
servations support a two-step model of stalling 
wherein the elongating polymerase first pauses 
transiently within the downstream region of weak 
RNA-DNA hybrid stability and then slides back- 
ward along DNA to a site with high thermody- 
namic stability (2/—23). To verify that the position 
of stalling coincides with the peak in hybrid sta- 
bility, we repeated 7,,, analysis on a subset of 
genes that displayed one predominant 3’-end 
position and found that it aligned with the region 
of highest 7,, (Fig. 3C and fig. S9). 

Although there were clear differences in the 
Tm profiles between genes that produced short 
RNAs and those that did not, some genes that 
lacked short RNAs in S2 cells nonetheless dis- 
played an elevated T,,, within the region from +20 


A 


C 4283 "al 


and +35 (Fig. 3B). To investigate whether these 
genes might be stalled in another cell type, we 
isolated short RNAs from 0- to 16-hour-old Dro- 
sophila embryos and found >1500 genes that did 
not generate short RNAs in S2 cells but did so 
during embryo development. The 7, within the 
promoter-proximal region (+20 to +35) of these 
new genes was significantly higher than for genes 
without short RNAs (fig. S10) (P < 0.0001), and 
calculation of a 7,, profile around the embryo- 
derived 3’ ends confirmed that they mapped within 
a peak in melting temperature. These results indi- 
cated that sequence composition of the initially 
transcribed region predisposes the polymerase to 
stall, and could be used to predict genes that are 
most likely to possess stalled Pol II under differ- 
ent conditions. 

Our data suggested that stalled elongation 
complexes have undergone backtracking after 
transient pausing. The transcript cleavage factor 
TFIIS (IIS) has been shown to reactivate Pol II in 
backtracked and arrested elongation complexes 
(Fig. 4A), including stalled Pol II at the Drosoph- 
ila hsp70 gene (24) (fig. S11). If backtracking is 
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Fig. 4. Stalled polymerase complexes are predominantly backtracked. (A) The role of transcription 
cleavage factor IIS in rescuing arrested Pol II elongation complexes. After transcriptional pausing (top) 
the polymerase can backtrack along DNA (middle panel), which dislodges the RNA 3’ end from the 
polymerase active site (shown as a red dot) and blocks further transcription. IIS induces internal cleavage 
of nascent RNA (bottom), realigning the 3’ end with the active site, such that Pol Il can resume tran- 
scription. (B) Depletion of IIS leads to an increase in RNA length within the promoter-proximal region. 
Shown is the difference between the normalized number of reads in IIS-depleted and mock-treated 
samples, binned in 5-nt windows. (C) IIS depletion affects RNA 3’-end positions but not permanganate 
reactivity profiles. RNA 3’ ends from mock-treated samples are shown in orange and IIS-depleted cells in 
green. Brackets denote regions of permanganate reactivity. 
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a general feature of early polymerase elongation, 
then we should be able to detect evidence for IIS- 
mediated cleavage and shortening of promoter- 
proximal RNAs by comparing RNA profiles in 
mock-treated and IIS-depleted cells. Indeed, RNA 
interference-mediated depletion of IIS caused a 
global increase in RNA lengths (Fig. 4B) (P < 
10 '>). Moreover, RNAs between 35 and 60 nt 
long were specifically enriched in I1S-depleted 
cells, indicating that they are the primary targets 
of I[S-induced cleavage (Fig. 4B). A concomitant 
reduction in 20- to 35-nt RNAs in [IS-deficient 
cells suggested that these RNAs are produced in 
part by IIS. Genes with stalled Pol II were sig- 
nificantly more likely to exhibit RNA lengthen- 
ing upon IIS depletion than genes lacking stalled 
polymerase (fig. $12) (P < 10%), indicating that 
polymerase stalling generally involves backtrack- 
ing. Comparison of short RNA and permanganate 
reactivity profiles on individual genes showed 
that, unlike the RNA 3’ ends, which were clearly 
shifted downstream in IIS-depleted cells, the lo- 
cation of the transcription bubble did not change 
(Fig. 4C). These results indicated that the primary 
location of the stalled elongation complex at steady 
state reflected the position to which the polymerase 
has backtracked. 

Recent work has underscored the importance 
of early transcription elongation and its regula- 
tion in vivo (/-3, 25, 26). Our data reveal that 
fluctuations in RNA-DNA hybrid stability in the 
initially transcribed sequence make the polymer- 
ase susceptible to pausing and backtracking. This 
tendency is likely amplified by the presence of 
downstream nucleosomes and the reported ab- 
sence of secondary structures within these short 
RNAs that would inhibit backtracking (/7, 27). 
Furthermore, elongation factors specifically target 
promoter-proximal Pol II to regulate the duration 
of stalling. For example, the negative transcrip- 
tion elongation factor NELF has been shown bio- 
chemically to both enhance the duration of intrinsic 
pauses and to inhibit IIS activity (28, 29). 

Our data indicate that stalled polymerase com- 
plexes do not efficiently escape into productive 
elongation even after rescue by IIS-induced cleav- 
age. In fact, many rounds of pausing, backtracking 
and cleavage, or perhaps even termination, may 
ensue before a positive signal such as the activity 
of the positive transcription elongation factor b 
(PTEF-b) kinase releases the stalled Pol II from 
the promoter-proximal region (28, 29). In addi- 
tion, our data suggest that transient stalling of 
polymerase is a general feature of early elongation, 
even at highly active genes, because we observe 
short RNAs with similar distributions arising from 
nearly all active genes (fig. S13). Thus, understand- 
ing how the duration of stalling is regulated under 
various conditions is of considerable interest, and our 
RNA-based approach opens a possibility for detailed 
dissection of this process on a genome-wide scale. 
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Unidirectional Airflow in the 


Lungs of Alligators 


C. G. Farmer?* and Kent Sanders” 


The lungs of birds move air in only one direction during both inspiration and expiration 
through most of the tubular gas-exchanging bronchi (parabronchi), whereas in the lungs of 
mammals and presumably other vertebrates, air moves tidally into and out of terminal 
gas-exchange structures, which are cul-de-sacs. Unidirectional flow purportedly depends on 
bellowslike ventilation by air sacs and may have evolved to meet the high aerobic demands of 
sustained flight. Here, we show that air flows unidirectionally through parabronchi in the 

lungs of the American alligator, an amphibious ectotherm without air sacs, which suggests 

that this pattern dates back to the basal archosaurs of the Triassic and may have been 

present in their nondinosaur descendants (phytosaurs, aetosaurs, rauisuchians, crocodylomorphs, 


and pterosaurs) as well as in dinosaurs. 


irflow in the avian lung is believed to be 

unique because gases move in the same 

direction during inhalation and exhalation 
through small tubes, the parabronchi. Although 
airflow is caused by volumetric changes in air 
sacs, the unidirectional pattern is achieved with- 
out mechanical valves. Soot-laden air was used to 
demonstrate unidirectional flow, and this pattern 
of airflow was attributed to the configuration of 
the bronchi giving rise to jetting and Venturi ef- 
fects (in which increases in fluid velocity de- 
crease lateral pressure) (/, 2). 

Crocodilian lungs are distinct from bird lungs 
and are thought to have a large alveolar-arterial 
blood gas difference, large ventilation-perfusion 
inhomogeneity, and parenchyma consisting of 
cubicles (ediculae) (3—5). However, the topog- 
raphy of the intrapulmonary bronchus and of the 
first generation of bronchi is similar in birds and 
crocodilians (3, 6, 7). 
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Key features of the avian aerodynamic valve 
appear to be present in the alligator lung. The 
green bronchus shown in Fig. 1, the cervical 
ventral bronchus (CVB), is strikingly similar to 
the avian ventral bronchus that connects with the 
cervical air sacs. The small ostium to the CVB 
opens into a funnel-shaped vestibule acutely an- 
gled with the intrapulmonary bronchus, so that 
the bronchus makes a hairpin turn ventrocranially 
before coursing cranially to the apex of the lung 
(Fig. 1A, B). Distal to the CVB ostium, the intra- 
pulmonary bronchus widens and becomes par- 
tially enclosed as it curves caudally and laterally 
and gives rise to a pair of small medial para- 
cardiac bronchi (Fig. 1, red bronchi), a large 
individual dorsolateral bronchus (Fig. 1, char- 
treuse bronchus), and three caudal bronchi origi- 
nating from a common terminal intrabronchial 
chamber (Fig. 1, blue bronchi). Their orifices are 
larger than the CVB orifice and better aligned 
with the intrapulmonary bronchus. Most of these 
latter bronchial passages spiral dorsolaterally 
toward the apex of the lung in a manner similar 
to the avian dorsal bronchi. We have discovered 
that the dorsal bronchi connect to each other and 
to the CVB through numerous anastomosing 
parabronchi, approximately 1 to 1.5 mm in di- 
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ameter at the orifice to the bronchi (arrowheads, 
Fig. 1C) [supporting online material (SOM)]. As 
in birds, small ostia to caudoventral bronchi 
(arrows, Fig. 1C) occur opposite the ostia of the 
dorsal bronchi. 

The anatomical similarity with the avian lung 
led us to hypothesize that airflow might also be 
unidirectional in crocodilians. Previously, mea- 
surements of airflow in alligator lungs did not 
identify unidirectional flow (8). Perry discussed 
the possibility that crocodilians have unidirec- 
tional airflow, but concluded that airflow is tidal 
in crocodilians and that unidirectional flow evolved 
in coelurosaurian-grade dinosaurs (9—/2). Further- 
more, for avian-style respiration to occur in birds 
and nonavian dinosaurs, abdominal air sacs have 
been presumed to be critical (/3), and the hepatic 
piston mechanism of ventilation of crocodilians 
has been presumed incompatible (/4). 

To test the hypothesis that airflow in alligator 
lungs is unidirectional, we implanted dual therm- 
istor flowmeters in the CVB (green bronchus of 
Fig. 1) and a dorsal bronchus (a blue bronchus of 
Fig. 1) of four alligators, artificially ventilated the 
lungs with both negative and positive pressure 
inspiration, and observed that air in the CVB 
moved in a cranial-to-caudal direction and air in 
the dorsal bronchus moved in a ventrolateral to 
dorsomedial direction during expiration and dur- 
ing both types of inspiration (Fig. 2). 

To determine whether similar patterns of flow 
occur in vivo, we monitored airflow in the CVB 
during normal breathing in five alligators with 
single-bead thermistors and in one alligator with 
a dual thermistor flow meter. In the former exper- 
iments, the flow continued during the transition 
from inspiration to expiration rather than dropping 
to zero, as would be the case if the direction of 
the flow had reversed. In vivo recordings with the 
dual thermistor flow meter showed that the air 
moved in a cranial-to-caudal direction during both 
inspiration and expiration; which is the same pat- 
tern of flow observed in excised lungs (Fig. 3). 
The amplitude of the expiratory flow was greater 
than the amplitude of the inspiratory flow, as in 
the excised lungs. 


15 JANUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


We also visualized flow by filling an excised 
lung with saline containing fluorescent micro- 
spheres. In the CVB, the microspheres flowed in a 
cranial-to-caudal direction as the fluid was pushed 
into and pulled out of the lung (movies S1 and 
S2). In the parabronchi, the spheres also flowed 
unidirectionally (movie S3). All three methods— 
in vivo recordings of airflow, recordings of airflow 
in artificially ventilated excised lungs, and visu- 
alization of water flow in artificially ventilated 


A 


lungs—indicate that fluid flows unidirectionally 
through the lungs of alligators in a strikingly bird- 
like pattern. 

Our data suggest that airflow in the alligator 
is extremely birdlike, but it is unknown how it is 
possible to have unidirectional flow without air 
sacs and with diaphragmatic breathing. A mech- 
anism for unidirectional flow in bird lungs as 
a consequence of the topography of the intra- 
pulmonary bronchi (/) that does not depend on 


Fig. 1. Airflow in alligator lungs. Computed tomography images (left) show the hairpin turn (blue arrow) 
into the CVB (v) in the coronal (A) and medial sagittal (B) views. The lateral sagittal view shows the larger 
ostia to the dorsal bronchi (C), some of the ostia of ventral and lateral bronchi (blue arrows), a 
parabronchus (blue arrowheads), and the dorsal bronchus in which flow was recorded (d). The axial view 
(D) shows the bifurcation of the primary bronchi. An oblique dorsal view of the major bronchi is shown in 
(E). A simplified view shows airflow during inspiration (F) and exhalation (G) in the trachea, CVB, dorsal 
bronchus, and parabronchi. Hazelhoff's model of exhalation (H) and inspiration (I). ipb, intrapulmonary 
bronchus; le, guiding dam; ve, vestibulum; v, ventrobronchus; m, mesobronchus; p, parabronchus; d, 


dorsobronchus; x,y, sites of constriction. 
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air sacs or the mechanics of breathing is shown in 
Fig. 1, H and I. During exhalation, the configu- 
ration of the laterobronchial ostia may cause air 
to move dorsally to enter the ostia of the dorso- 
bronchi, rather than leaving the lung directly by 
way of the mesobronchus (/). During inspiration, 
rapid flow of air along the intrapulmonary bron- 
chus past the ostia to the ventrobronchi may re- 
duce lateral pressure at this location because of 
the Venturi effect, and the low pressure may act 
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Fig. 2. Airflow in excised lungs. The top two 
traces show the direction of intrapulmonary air- 
flow recorded from the dorsal bronchus (d in Fig. 
1) and CVB (v in Fig. 1) with dual thermistor 
flow meters. The middle two traces show the 
relative amplitude of these flows. The bottom 
trace shows flow into and out of the trachea, 
recorded with a pneumotach. 


Fig. 3. Airflow observed in vivo. The top trace 
shows the direction of intrapulmonary airflow 
recorded in the CVB (v of Fig. 1) with a dual 
thermistor flow meter. The small pulse of air 
moving toward the head after airflow in the 
trachea has ceased occurs when the glottis is 
closed and the muscles of the trunk relax (21). 
The middle trace shows the amplitude of the 
flow. The bottom trace shows flow into and out 
of the trachea, recorded with a pneumotach. 
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as a suction pump to draw air past the mouths of 
the ventrobronchi into the mesobronchus (/). A 
glass model demonstrated how this geometry 
gives rise to unidirectional airflow (/). 

The mechanism of unidirectional flow in alli- 
gator lungs is yet to be determined, but our data 
support Hazelhoff's model (/), in which key fea- 
tures of the bronchial tree give rise to unidirec- 
tional flow. During inspiration, air may jet past the 
obliquely oriented vestibule of the CVB to enter 
the larger dorsal bronchial openings and reduce 
lateral pressure at the CVB orifice to draw air 
from the CVB into the intrapulmonary bronchus. 
During exhalation, air in the caudoventral bronchi 
may jet dorsally (blue arrows in Fig. 1C) to enter 
the ostia of the dorsobronchi. In this way, a simple 
arrangement of the bronchi by themselves might 
give rise to unidirectional airflow. Also, the mech- 
anism of gas exchange in crocodilians is not known; 
a crosscurrent mechanism has been hypothesized 
(/1), but a countercurrent mechanism cannot be 
ruled out. Furthermore, the importance of uni- 
directional airflow for gas exchange efficiency in 
the alligator lung is not known and cannot be 
determined from our data, which consist of mea- 
surements of airflow. 

Previous scenarios for the evolution of uni- 
directional airflow are that it arose in dinosaurs 
of coelurosaurian grade (/2), convergently in 
theropods and pterosaurs (/3, 15), or not at all in 
dinosaurs because of a hepatic piston mechanism 
of breathing (/4). Our findings contrast with these 
previous views in several ways. They demonstrate 
that the hepatic piston mechanism of breathing, 
which crocodilians have but birds lack, does not 
preclude the evolution of unidirectional flow and 


that pneumaticity, which crocodilians lack, can- 
not be used to diagnose unidirectional airflow in 
fossil taxa, as previously suggested (13, 15). Cro- 
codilians and birds are crown-group Archosaur- 
ia. Therefore, in contrast to previous views, we 
suggest that unidirectional flow evolved before 
the divergence of crurotarsan and dinosaurian 
archosaurs and was present in the basal archo- 
saurs and their descendants, including phytosaurs, 
aetosaurs, “rauisuchians,” and crocodylomorphs. 
The crurotarsans and, somewhat later, the dino- 
saurs supplanted the synapsids as the dominant 
members of the Triassic terrestrial vertebrate 
assemblage, with Triassic mammals existing as 
diminutive mouselike forms (/6, 17). The roles of 
contingency and competition in the faunal tumover 
that occurred in the aftermath of the End Permian 
mass extinction are controversial. The basal 
archosaurs and archosauromorphs, animals such 
as Euparkaria, appear to have expanded their 
capacity for vigorous exercise (/8) during a period 
of relative environmental hypoxia (/9). In bird 
lungs, unidirectional airflow coupled with a cross- 
current mechanism of gas exchange facilitates 
the extraction of oxygen under conditions of 
hypoxia (20). If such a lung was present at the 
base of the archosaur radiation, this clade may 
have been better able than the synapsids to 
compete for niches that required a capacity for 
vigorous exercise. 
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G Protein Subunit Ga,3 Binds to 
Integrin oj ,PB3 and Mediates Integrin 
“Outside-In" Signaling 


Haixia Gong, Bo Shen, Panagiotis Flevaris, Christina Chow, Stephen C.-T. Lam, 
Tatyana A. Voyno-Yasenetskaya, Tohru Kozasa, Xiaoping Du* 


Integrins mediate cell adhesion to the extracellular matrix and transmit signals within the cell 
that stimulate cell spreading, retraction, migration, and proliferation. The mechanism of integrin 
outside-in signaling has been unclear. We found that the heterotrimeric guanine nucleotide— 
binding protein (G protein) Ga,3 directly bound to the integrin B3 cytoplasmic domain and that 
Go,3-integrin interaction was promoted by ligand binding to the integrin o,)B3 

and by guanosine triphosphate (GTP) loading of Ga,3. Interference of Go43 expression or a myr- 
istoylated fragment of Go3 that inhibited interaction of o,83 with Goz3 diminished activation of 
protein kinase c-Src and stimulated the small guanosine triphosphatase RhoA, consequently 
inhibiting cell spreading and accelerating cell retraction. We conclude that integrins are 
noncanonical Goz3-coupled receptors that provide a mechanism for dynamic regulation of RhoA. 


signals within the cell that lead to cell spread- 
ing, retraction, migration, and proliferation (/). 
Thus, integrins have pivotal roles in biological 


[== mediate cell adhesion and transmit 


processes such as development, immunity, cancer, 
wound healing, hemostasis, and thrombosis. The 
platelet integrin o,83 typically displays bidirec- 
tional signaling function (2, 3). Signals from within 
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the cell activate binding of op,83 to extracellular 
ligands, which in turn triggers signaling within the 
cell initiated by the occupied receptor (so-called 
“outside-in” signaling). A major early consequence 
of integrin “‘outside-in” signaling is cell spreading, 
which requires activation of the protein kinase 
c-Sre and c-Src—mediated inhibition of the small 
guanosine triphosphatase (GTPase) RhoA (4-7). 
Subsequent cleavage of the c-Src binding site in 
B3 by calpain allows activation of RhoA, which 
stimulates cell retraction (7, 8). The molecular 
mechanism coupling ligand-bound 01,83 to these 
signaling events has been unclear. 

Heterotrimeric guanine nucleotide—binding pro- 
teins (G proteins) consist of Ga, GB, and Gy sub- 
units (9). G proteins bind to the intracellular side of 
G protein-coupled receptors (GPCRs) and trans- 
mit signals that are important in many intracellu- 
lar events (9-11). Goly3, when activated by GPCRs, 
interacts with Rho guanine-nucleotide exchange 
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factors (RhoGEF) and thus activates RhoA (1/14), 
facilitating contractility and rounding of discoid 
platelets (shape change). To determine whether 
Go.,3 functions in signaling from ligand-occupied 
integrin, we investigated whether inhibition of 
Go,3 expression with small interfering RNA 
(siRNA) affected o,83-dependent spreading 
of platelets on fibrinogen, which is an integrin 
ligand. We isolated mouse bone marrow stem 
cells and transfected them with lentivirus encod- 
ing Got;3 SIRNA. The transfected stem cells were 
transplanted into irradiated C57/BL6 mice (/5). 
Four to six weeks after transplantation, nearly all 
platelets isolated from recipient mice were de- 


rived from transplanted stem cells, as indicated by 
the enhanced green fluorescent protein (EGFP) 
encoded in lentivirus vector (Fig. 1A and fig. S1). 
Platelets from Go,3 siRNA-transfected stem cell 
recipient mice showed >80% decrease in Go.3 
expression (Fig. 1B). When platelets were al- 
lowed to adhere to immobilized fibrinogen [on,83 
binding to immobilized fibrinogen does not re- 
quire prior “inside-out” signaling activation (/6)], 
platelets depleted of Go,3 spread poorly as com- 
pared with control platelets (Fig. 1A and fig. $2). 
The inhibitory effect of Ga; deficiency is un- 
likely to be caused by its effect on GPCR- 
stimulated Ga,3 signaling because (i) washed 
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resting platelets were used and no GPCR agonists 
were added, and (ii) prior treatment with 1 mM 
aspirin [which abolishes thromboxane Az (TXA>) 
generation (/7)] did not affect platelet spreading 
on fibrinogen (fig. S2), making unlikely the en- 
dogenous TXA>-mediated stimulation of Go3. 
Furthermore, Ga,3 siRNA inhibited spreading of 
Chinese hamster ovary (CHO) cells expressing 
human 063 (123 cells) (78), which was rescued 
by an siRNA-resistant Go.,3 (fig. S3). Thus, Go.;3 
appears to be important in integrin “outside-in” 
signaling leading to cell spreading. 

To determine whether Go.3 serves as an early 
signaling mechanism that mediates integrin-induced 


Scrambled siRNA G13 siRNA #1 G13 siRNA#1+Y27632 


Fig. 1. The role of Ga43 in integrin “outside-in” signaling. (A) Confocal micros- 
copy images of spreading scrambled siRNA control platelets or Go3-depleted 
platelets (Go.13-siRNA) on fibrinogen, without or with Y27632. Merged EGFP 
(green) fluorescence and Alex Fluor 546-conjugated phalloidin (red) fluores- 
cence. (B) Western blot comparison of Go.3 abundance in platelets from mice 
inoculated with control siRNA- or Go.,3-siRNA—transfected bone marrow stem 
cells. (C to E) Mouse platelets from scrambled siRNA- or Go.z3 siRNA—transfected 
stem cells were allowed to adhere to immobilized fibrinogen, solubilized, and 


analyzed for c-Src Tyr** phosphorylation and RhoA activation. 
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Fig. 2. Binding of Go 3 to 83 and the inhibitory effect of mSRI peptide. (A) 
Proteins from platelet lysates were immunoprecipitated with control IgG or 
antibody to Goz3 with or without 1 uM GDP, 1 uM GTP-yS, or 30 uM AIF, . 
Immunoprecipitates were immunoblotted with antibody to Go,3 or B3 [mono- 
clonal antibody 15 (mAb15)]. See fig. $4 for quantitation. (B) Proteins from 
platelet lysates were immunoprecipitated with control mouse IgG, antibody to 
Op83 [D57 (25)], or an antibody to the glycoprotein Ibo. (GPlb). Immuno- 
precipitates were immunoblotted with antibodies to Go,3, B3, or GPIb. (C and 
D) Purified GST-B3CD (C) or GST-B1CD (D) bound to glutathione beads was 
mixed with purified Go. 3 with or without 1 uM GDP, 1 uM GTP-7S, or 30 uM 
AlF, . Bound proteins were immunoblotted with antibody to Go,3. Quan- 
titative data are shown as mean + SD and P value (t test). (E) Lysates of control 
platelets or platelets adherent to fibrinogen in the absence or presence of 
0.025 U/ml thrombin were immunoprecipitated with antibody to Go 3 and 
then immunoblotted with mAb15. Quantitative data are shown as mean + SD 
and P value (¢ test). (F) Lysates from 293FT cells transfected with Flag-tagged 
wild-type Ga.3 or indicated truncation mutants (see fig. S5) were precipitated 
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with GST-83CD- or GST-bound glutathione beads. Bead-bound proteins were 
immunoblotted with antibody to Flag (Bound). Flag-tagged protein amounts 
in lysates are shown by anti-Flag immunoblot (Input). (G) Protein from platelet 
lysates treated with 0.1% dimethyl sulfoxide (DMSO), 250 uM scrambled 
control peptide (Ctrl), or mSRI were immunoprecipitated with antibody to 
Go3. Immunoprecipitates were immunoblotted with antibody to Gaz3 or B3. 
See fig. $4 for quantitation. 
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Fig. 3. Effects of mSRI on integrin-induced c-Src phos- 
phorylation, RhoA activity, and platelet spreading. (A) 
Washed human platelets pretreated with DMSO, mSRI, c-Src pY416) ane oa 


or scrambled control peptide were allowed to adhere to oes 
fibrinogen and then solubilized at indicated time points. Total C-Src a a rc 

Proteins from lysates were immunoblotted with anti- ; 

bodies to c-Src phosphorylated at Tyr*2®, c-Src, or RhoA. oP 


GTP-bound RhoA was measured by association with ' C3 toxin 
GST-Rhotekin rho-binding domain (GST-RBD) beads Toa Rho 
(26). See fig. $4 for quantitative data. (B) Spreading of 
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platelets treated with 0.1% DMSO, scrambled control peptide, or mSRI, in the absence or pres- 
ence of C3 toxin, Y27632, or 0.01 U/ml thrombin. Platelets were stained with Alexa Fluor 546— — yo7e99 


conjugated phalloidin. 


activation of c-Src, we measured phosphoryl- 
ation of c-Sre at Tyr*!° (which indicates activa- 
tion of c-Src) in control and fibrinogen-bound 
cells. Depletion of Go.;3 in mouse platelets or 123 
cells abolished phosphorylation of c-Sre Tyr*!® 
(Fig. 1C and fig. S3), indicating that Ga,3; may 
link integrin O,83 and c-Src activation. Because 
c-Sre inhibits RhoA (7, 19), we also tested the 
role of Go; in regulating activation of RhoA. 
RhoA activity was suppressed to baseline 15 min 
after platelet adhesion and became activated at 
30 min (Fig. 1C), which is consistent with transient 
inhibition of RhoA by c-Src (7). The integrin- 
dependent delayed activation of RhoA was not 
inhibited by depletion of Ga3, indicating its in- 
dependence of the GPCR-Ga3-RhoGEF path- 
way (Fig. 1C). In contrast, depletion of Go3 
accelerated RhoA activation (Fig. 1C). Thus, Gat;3 
appears to mediate inhibition of RhoA. The in- 
hibitory effect of Go.;3 depletion on platelet spread- 
ing was reversed by Rho-kinase inhibitor Y27632 
(Fig. 1A), which suggests that Go.,3-mediated in- 
hibition of RhoA is important in stimulating plate- 
let spreading. These data are consistent with Go.3 
mediating integrin “outside-in” signaling induc- 
ing c-Sre activation, RhoA inhibition, and cell 
spreading. 

The integrin oj,83 was coimmunoprecipi- 
tated by antibody to Gat;3, but not control immu- 
noglobulin G (IgG), from platelet lysates (Fig. 
2A). Conversely, an antibody to B3 immunopre- 
cipitated Go.;3 with B; (Fig. 2B). Coimmunopre- 
cipitation of B; with Ga,3; was enhanced by 
guanosine triphosphate yS (GTP-yS) or AIF4~ 
(Fig. 2A and fig. S4). Thus, B3 is present in a 
complex with Go,3, preferably the active GTP- 
bound Ga,3. To determine whether Goa,3 di- 
rectly binds to the integrin cytoplasmic domain, 
we incubated purified recombinant Go,3 (20) 
with agarose beads conjugated with glutathione 
S-transferase (GST) or a GST-B3 cytoplasmic do- 
main fusion protein (GST-B3CD). Purified Ga; 
bound to GST-B3CD, but not to GST (Fig. 2C). 
Purified Go.;3 also bound to the B, integrin cyto- 
plasmic domain fused with GST (GST-B,CD) 
(Fig. 2D). The binding of Ga,3 to GST-B3;CD and 
GST-B,CD was detected with GDP-loaded Ga,3, 


Thrombin @ 


A P<0,001 B 
80 * &! OMSO * * P<O,001 

~ [1 © Scrambled =490] w@ CS57BL/6 Q 2mM RGDS 

5 Ol msri . eo O Scrambled _ 
5 60 cr 3 75 M GISSIRNA & integrin-mediated 

S % 5 20 aggregation 

< 40 & 5 2 40jSnape 

5 3 = te 

hi 6 60 

© 20 x) = 
g @ 25) z 
3 a = 80 
) 
25 min 35 min min 45min 012 5 10 
Time (Min) 

D 12 @ GIP-AnoA 6 
GTP- G)4-bound i) 
RhoA =13 a ©) 

ts) < 1074 | gm GTP-RhoA+RGDS 5 ® 
Total 2 | Gyg-bound figeRGDS § 2 
ota y &O 84 42 
RhoA a6 . “ ‘ = 
: f 52 = 
Thrombin - - + ++ ++ + se 64 3Q 
Min 0 0051 2510 10 E® 4! 28 
Eraos ------.-. 4 39> 3 
| | rx 20 1 
poe rf & 5 

| 0 0 

IP; IgG Anti-Gat3 0 . 4 6 8 10 12 

Time (min) 

_ Fitrinogen/Fibrin > <Fibrinogen/Fibrin > 


= ™~ 
(Thromtsin) 


Gan Ga fe 
GY Calpa —* 
\E / 
es 
RhoGEF 
“ 
. ; 7 . ae — 
RhoA coP| CRhoA-GTP) RhoA-GDP Boa GTP) 
hw AhoGaAP he AnoGAP / 
Shape change . 
(Rounding) v s | 
Secretion Cell spreading Cell retraction 


Fig. 4. The role of Go.z3 in clot retraction and dynamic RhoA regulation. (A) Effect of 250 uM mSRI peptide 
on clot retraction of human platelet-rich plasma compared with DMSO and scrambled peptide. Clot sizes were 
quantified using Image J (mean + SD, n = 3, t test). (B) Comparison of clot retraction (mean + SD, n = 3, f test) 
mediated by control siRNA platelets and Go.,3-depleted platelets. (C to F) Platelets were stimulated with 
thrombin with or without 2 mM RGDS and monitored for turbidity changes of platelet suspension caused by 
shape change and aggregation (C). The platelets were then solubilized at indicated time points and analyzed 
for amount of B3 coimmunoprecipitated with Go.,3 (D) and amount of GTP-RhoA bound to GST-RBD beads (E) 
by immunoblot. (F) Quantitative data (mean + SD) from three experiments. (G) A schematic illustrating Go.z3- 
dependent dynamic regulation of RhoA and crosstalk between GPCR and integrin signaling. 
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but enhanced by GTP-yS and AIF, (Fig. 2, C 
and D), indicating that the cytoplasmic domains 
of B3 and B, can directly interact with Go}; and 
that GTP enhances the interaction. The Ga,3-B3 
interaction was enhanced in platelets adherent to 
fibrinogen, and by thrombin, which stimulates 
GTP binding to Go; via GPCR (Fig. 2E). Hence, 
the interaction is regulated by both integrin oc- 
cupancy and GPCR signaling. 

To map the B3 binding site in Go,3, we incu- 
bated cell lysates containing Flag-tagged wild type 
or truncation mutants of Gar3 (fig. S5) with GST- 
B3CD beads. GST-B3CD associated with wild-type 
Go3 and the Go;3 1 to 212 fragment containing 
a-helical region and switch region I (SRD, but not 
with the Go,3 fragment containing residues | to 
196 lacking SRI (Fig. 2F). Thus, SRI appears to be 
critical for B; binding. To further determine the im- 
portance of SRI, Go.;3-83 binding was assessed in 
the presence of a myristoylated synthetic peptide, 
Myr-LLARRPTKGIHEY (mSRJ), corresponding to 
the SRI sequence of Ga,3 (197 to 209) (2/, 22). 
The mSRI peptide, but not a myristoylated scram- 
bled peptide, inhibited Go; binding to B3 (Fig. 
2G), indicating that mSRI is an effective inhibitor 
of B3-Go3 interaction. Therefore, we further ex- 
amined whether mSRI might inhibit integrin sig- 
naling. Treatment of platelets with mSRI inhibited 
integrin-dependent phosphorylation of c-Sre Tyr” 
and accelerated RhoA activation (Fig. 3A). The 
effect of mSRI is unlikely to result from its in- 
hibitory effect on the binding of RhoGEFs to 
Go,3 SRI because Go,3 binding to RhoGEFs 
stimulates RhoA activation, which should be in- 
hibited rather than promoted by mSRI (22). Thus, 
these data suggest that B3-Go,3 interaction me- 
diates activation of c-Sre and inhibition of RhoA. 
Furthermore, mSRI inhibited integrin-mediated 
platelet spreading (Fig. 3B), and this inhibitory 
effect was reversed by C3 toxin (which catalyzes 
the ADP ribosylation of RhoA) or Y27632, con- 
firming the importance of Ga,3-dependent inhi- 
bition of RhoA in platelet spreading. Thrombin 
promotes platelet spreading, which requires 
cdc42/Rac pathways (23). However, thrombin- 
promoted platelet spreading was also abolished by 
mSRI (Fig. 3B), indicating the importance of 
Go.;3-B3 interaction. Thus, Go.,3-integrin interac- 
tion appears to be a mechanism that mediates 
integrin signaling to c-Src and RhoA, thus regu- 
lating cell spreading. 

To further determine whether Ga; mediates 
inhibition of integrin-induced RhoA-dependent 
contractile signaling, we investigated the effects 
of mSRI and depletion of Ga,3 on platelet- 
dependent clot retraction (shrinking and consoli- 
dation of a blood clot requires integrin-dependent 
retraction of platelets from within) (7, 8). Clot 
retraction was accelerated by mSRI and depletion 
of Ga,3 (Fig. 4, A and B, and fig. S6), indicating 
that Gaj3 negatively regulates RhoA-dependent 
platelet retraction and coordinates cell spreading 
and retraction. The coordinated cell spreading- 
retraction process is also important in wound 
healing, cell migration, and proliferation (24). 
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The function of Ga3 in mediating the integrin- 
dependent inhibition of RhoA contrasts with the 
traditional role of Ga,3, which is to mediate GPCR- 
induced activation of RhoA. However, GPCR- 
mediated activation of RhoA is transient, peaking 
at 1 min after exposure of platelets to thrombin, 
indicating the presence of a negative regulatory 
signal (Fig. 4, D and F). Furthermore, thrombin- 
stimulated activation of RhoA occurs during plate- 
let shape change before substantial ligand binding 
to integrins (Fig. 4, C, D, and F). In contrast, after 
thrombin stimulation, B; binding to Ga,3 was 
diminished at 1 min when Go.3-dependent ac- 
tivation of RhoA occurs, but increased after the 
occurrence of integrin-dependent platelet aggreg- 
ation (Fig. 4, E and F). Thrombin-stimulated 
binding of Go,3 to Oy, 83 and simultaneous 
RhoA inhibition both require ligand occupancy 
of O83 and are inhibited by the integrin inhib- 
itor Arg-Gly-Asp-Ser (RGDS) (Fig. 4, D to F). 
Thus, our study demonstrates not only a function 
of integrin O,83 as a noncanonical Go.3-coupled 
receptor but also a new concept of Ga.j3-dependent 
dynamic regulation of RhoA, in which Ga; me 
diates initial GPCR-induced RhoA activation and 
subsequent integrin-dependent RhoA inhibition 
(Fig. 4G). These findings are important for our un- 
derstanding of how cells spread, retract, migrate, 
and proliferate, which is fundamental to de- 
velopment, cancer, immunity, wound healing, 
hemostasis, and thrombosis. 
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Functional and Evolutionary Insights 
from the Genomes of Three Parasitoid 


Nasonta Species 


The Nasonia Genome Working Group*t 


We report here genome sequences and comparative analyses of three closely related parasitoid wasps: 
Nasoma vitripennis, N. giraulti, and N. longicornis. Parasitoids are important regulators of arthropod 
populations, including major agricultural pests and disease vectors, and Nasonia is an emerging genetic 
model, particularly for evolutionary and developmental genetics. Key findings include the identification of a 
functional DNA methylation tool kit; hymenopteran-specific genes including diverse venoms; lateral gene 
transfers among Pox viruses, Wolbachia, and Nasonia; and the rapid evolution of genes involved in nuclear- 
mitochondrial interactions that are implicated in speciation. Newly developed genome resources advance 
Nasonia for genetic research, accelerate mapping and cloning of quantitative trait loci, and will ultimately 
provide tools and knowledge for further increasing the utility of parasitoids as pest insect-control agents. 


arasitoid wasps are insects whose larvae 
parasitize various life stages of other ar- 
thropods (for example, insects, ticks, and 


mites). Female wasps sting, inject venom, and lay 
eggs on or in the host, where the developing off- 
spring consume and eventually kill it. Parasitoids 
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are widely used in the biological control of insect 
pests, and they are very diverse, with estimates of 
over 600,000 species (/, 2). Nasonia is the second 
genus of Hymenoptera to have whole-genome 
sequencing, after Apis mellifera (Fig. 1), and 
Nasonia comprises four closely related parasitoid 
species: N. vitripennis, N. giraulti, N. longicornis, 
and WN. oneida (3, 4). Nasonia are genetically trac- 
table organisms with short generation time (~2 
weeks), large family size, ease of laboratory rear- 
ing, and cross-fertile species. Like other hymenop- 
terans, haploid males develop from unfertilized 
eggs, and diploid females develop from fertilized 
eggs. Cross-fertile species facilitate the mapping 
and cloning of genes that are involved in species 
differences. Haploid genetics assist efficient geno- 
typing, mutational screening (5), and evaluation of 
gene interactions (epistasis) without the added 
complexity of genetic dominance. As a result, 
Nasonia are now emerging as genetic model orga- 
nisms, particularly for complex trait analysis, devel- 
opmental genetics, and evolutionary genetics (4). 

We sequenced, assembled, annotated, and an- 
alyzed the genome of N. vitripennis from sixfold 
Sanger sequence genome coverage by using a 
highly inbred line of N. vitripennis (6). The draft 
genome assembly comprises 26,605 contigs [to- 
tal length of 239.8 Mb, with half of the bases 
residing in contigs larger than 18.5 kb (N50), 
40.6% guanine plus cytosine content (GC)]. Con- 
tigs were placed with mate-pair information into 
6,181 scaffolds (total size 295 Mb, Nsp =709 kb). 
We assessed the N. vitripennis assembly for com- 
pleteness and accuracy by comparing it with 19 
finished bacterial artificial chromosome (BAC) 
sequences and 18,000 expressed sequence tags 
(ESTs). The genome assembly contained 98% of 
the BAC and 97% of the EST sequences, with an 
error rate of 5.9104. Thus the assembly is a 
high-quality representation of both genomic and 
transcribed N. vitripennis sequences. 

Highly inbred lines of the two sibling species 
N. giraulti and N. longicornis (Fig. 1B) were se- 
quenced with onefold Sanger and 12-fold, 45—base 
pair (bp) Illumina genome coverage. Assembled 
by alignment to the N. vitripennis reference using 
stringent criteria (6), these reads cover 62% and 
62.6% of the N. vitripennis assembly, and 84.7% 
and 86.3% of protein coding regions, respectively. 
These were used for genome comparisons and 
provided resources [for example, single nucleo- 
tide polymorphisms (SNPs) and microsatellites] 
for scaffold, gene, and quantitative trait loci (QTL) 
mapping. Sequence error rates for the NV. giraulti 
alignment are estimated to be 3.8x 10 * for the en- 
tire alignment and 1.47 x 10 * for coding sequences 
on the basis of comparison to three finished N. 
giraulti BACs (6). Sequences of 25 coding genes 
in both species perfectly matched their respective 
aligned sequences. 


*All authors with their affiliations appear at the end of this 
paper. 
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Normally, the intracellular bacteria Wolbachia 
prevent the formation of interspecies hybrids; 
however, antibiotically cured strains are cross- 
fertile (7). Hybrid crosses (Fig. 1C) (6) were used 
to map scaffolds and visible mutations onto the 
five chromosomes of Nasonia (Fig. 2). Several 
interspecies QTL have already been mapped 
using genetic/genomic resources, including wing 
size (8, 9), host preference (/0), female mate 
preference (//), and in this study, sex-ratio con- 
trol and male courtship (6). Linkage analysis has 
revealed that the genome-wide recombination rate 
in Nasonia is 1.4 to 1.5 centimorgans (cM)/Mb, 
which is lower than that of honeybees (/2, /3), 
and shows a 100-fold difference in rate between 
high- and low-recombination regions of the ge- 
nome (Fig. 2) (6). 

An official gene set (OGS v1.1) was gener- 
ated from comparisons to A. mellifera, Tribolium 
castaneum, Drosophila melanogaster, Pediculus 
humanus, Daphnia pulex, and Homo sapiens 
[details are given in (6)]. Overall, Nasonia en- 
codes a typical insect gene repertoire (Fig. 3) (6), 
of which 60% of genes have a human ortholog, 
18% are arthropod-specific, and 2.4% appear to 
be hymenoptera-specific, showing high conser- 
vation between Nasonia and Apis and low con- 
servation or absence in other taxa. An additional 
12% are either Nasonia-specific or without clear 
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orthology. Many (63%) single-copy orthologs shared 
between Nasonia and Apis occur in microsyn- 
teny blocks, which is similar to the amount of 
microsynteny blocks in Aedes aegypti/Anopheles 
gambiae and H. sapiens/Gallus gallus (14). Four 
hundred and forty-five orthologs between Nasonia 
and humans lack a candidate homolog in D. mela- 
nogaster (table S1), including the human transcrip- 
tion factors E2F7 and E2F8, which are involved 
in cell-cycle regulation. Further refinement of the 
gene set resulted in OGS v1.2 (/5), which totals 
17,279 genes, of which 74% have tiling micro- 
array or EST support (6). 

Nasonia is abundant in transposable elements 
(TEs) and other repetitive DNA (table S2 and 
fig. S1). This contrasts with a paucity of TEs in 
A. mellifera (16). TE diversity in Nasonia is 30% 
higher (2.9 TE types/Mb) than the next most 
diverse insect (Bombyx mori, 2.1 TE types/Mb), 
and is 10-fold higher than the average dipteran 
(6, 17). Nasonia also contains an unusual abun- 
dance of nuclear-mitochondrial insertions and a 
higher density of microsatellites (10.9 kb/Mb) than 
most other arthropod species (/8, 19), suggesting 
that the accumulation of repetitive DNA is a fea- 
ture of these insects. 

The Nasonia genome encodes a full DNA 
methylation tool kit, including all three DNA 
cytosine-5-methyltransferase (Dnmt) types (Fig. 1A). 
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Fig. 1. Phylogenetic relationships of Nasonia and the DNA methylation tool kit. (A) Nasonia 
relationships to other sequenced genomes (6). Right: DNA methyltransferase subfamilies (Dnmt1, 
Dnmt2, Dnmt3) in these taxa. (B) Relationships among the three sequenced Nasonia genomes. (C) 
Crossing scheme used for mapping scaffolds on the Nasonia chromosomes and for studies of 


nuclear-cytoplasmic incompatibility. 
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In vertebrates, Dnmt3 establishes DNA meth- 
ylation patterns, Dnmt! maintains these patterns, 
and Dnmt2 is involved in tRNA methylation (20). 
The Nasonia genome encodes three Dnmt! genes, 
one Dnmt2, and one Dnmt3, in contrast with 
D. melanogaster, which has only Dnmt2. The 
presence of all three subfamilies in both Nasonia 
and Apis (Fig. 1) raises the question of whether 
methylation has similar regulatory functions in 
Hymenoptera as it does in vertebrates. DNA 
methylation is important in Apis caste develop- 
ment (2/) and is suggested for Nasonia sex de- 
termination (22). Coding exons of both Nasonia 
and Apis show bimodal distributions in observed/ 
expected CpG (fig. S2) (6, 23), which is consistent 
with mutational biases due to DNA methylation 
of hyper- and hypomethylated genes. We con- 
firmed methylated CpG dinucleotides in five ex- 
amined N. vitripennis genes by bisulfite sequencing 
(fig. S3). These results suggest that epigenetic 
modifications by DNA methylation may be impor- 
tant in Hymenoptera. Nasonia also has the largest 
number of ankyrin (ANK) repeat—containing pro- 
teins (over 200) so far found in any insect (table 
S3) (6), suggesting a regulatory importance through 
protein-protein interactions (24). 

Systemic RNA interference (RNAi) in Nasonia 
allows for gene expression knockdowns (4, 25). 
The Nasonia genome encodes homologs for the 
majority of genes implicated in small RNA pro- 
cesses (table S4). However, as in Tribolium and 
Apis, Nasonia lacks an RNA-dependent RNA 
polymerase (RdRp) ortholog, indicating a differ- 
ent systemic RNAi mechanism than in Caeno- 
rhadbitis. Using various computational approaches 
(6), we identified 52 putative micro RNAs (miRNAs) 
with homologies to known miRNAs (26), nine 
that were previously unknown, and 11 additional 
Fig. 2. Ahigh-resolution cM 1 
recombination map of 
the five Nasonia chro- 0 
mosomes is shown (6), 
with estimated gene den- 
sity and locations of vis- 
ible markers, landmark 
genes, and QTL. The hy- 
bridization percentage 
to N. vitripennis alleles 
is shown among surviv- 
ing adult NV. vitripennis x 
N. giraulti F2 hybrid 
males with either WV. vitri- 
pennis (green curve) or 
N. giraulti (orange curve) 
mitochondria. Dots spec- 
ify genome regions with 
significant differences in 
the hybridization ratio 
between the reciprocal 
crosses (P < 0.01). 
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Hymenoptera-specific miRNAs (table S5). Small- 
RNA library sequencing confirmed 39 predicted 
and identified 59 additional miRNAs (table S6). 

Nasonia shares a long germ-band mode of em- 
bryonic development with Drosophila, but exhibits 
significant differences in the genetic mechanisms 
involved (5, 27, 28) (see fig. S4). All major com- 
ponents of the dorso-ventral patterning system 
are present, with many Nasonia-specific gene du- 
plications in the Toll pathway. Orthologs of ver- 
tebrate genes absent from Drosophila include the 
transforming growth factor-B (TGFB) ligands ADMP 
and myostatin, and the bone morphogenesis pro- 
tein (BMP) inhibitors BAMBI and DAN, but their 
functions in Nasonia are not yet known. A. mellifera 
shows an expansion of the yellow/major royal 
Jelly (vellow/MRJP) genes that are linked to caste 
formation and sociality (29). Nasonia has the 
largest number of yellow/MRJP genes so far found 
in any insect, including an independent ampli- 
fication of MRJP-like proteins (fig. S5) (6, 29). 
Although their function in Nasonia is unknown, 
these genes are expressed broadly in different 
tissues and life stages (table S7). The insect sex 
peptide/receptor system, which causes female re- 
mating refractoriness (30), is highly conserved in 
insects but is absent in Nasonia and Apis (table S8) 
(6). Instead, Nasonia males inhibit female re-mating 
behaviorally with a special “post-copulatory 
display” (31). Additional features analyzed (6) 
include those related to sex determination (fig. 
S6), pathogens and immunity (fig. S7), neuro- 
peptides (tables S9 and S10), cuticular proteins 
(table S11), xenobiotics (fig. S8), and diapause 
(table S12). 

We investigated genome microevolution, in- 
cluding rapidly evolving genes that are potentially 
involved in species differences and speciation, by 
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using the genomes of the three closely related 
Nasonia species. Synonymous divergence between 
N. vitripennis and its sibling species N. giraulti 
and N. longicornis is 0.031 + 0.0002 SE and 
0.030 + 0.0002 SE, respectively, and between 
N. giraulti and N. longicornis is 0.014 + 0.0001 
SE (6), which is comparable to those among Dro- 
sophila sibling species (32). We compared the 
ratio of synonymous-to-nonsynonymous substi- 
tutions (dN/dS) between Nasonia species pairs 
with respect to gene ontology (GO) term cate- 
gories, using genes with high-quality alignments 
and 1:1 orthologs between Nasonia and Drosoph- 
ila. Nuclear genes that interact with mitochondria 
revealed significantly elevated dN/dS [by com- 
parison of dN/dS distributions for each GO term 
to resampled distributions, see (6) and table 
S13], specifically those encoding mitochondrial 
ribosomes (P < 0.003 for all species pairs) and 
oxidative phosphorylation complex I (P < 0.03 
for N. vitripennis/N. giraulti and N. vitripennis/ 
N. longicornis) and complex V (P < 0.04 for all 
species pairs). This finding is consistent with the 
rapid evolutionary rate of Nasonia mitochondria 
(33) and studies implicating nuclear-mitochondrial 
incompatibilities in F2 hybrid breakdown (7, 3). 
For example, reciprocal crosses between N. giraulti x 
N. vitripennis have identical F1 nuclear genotypes, 
but their mitochondrial haplotypes differ. Yet, micro- 
array hybridization (Fig. 2) (6) of DNA from pooled 
surviving adult F2 haploid males shows distortion 
in the recovery of particular regions of the genome, 
which is dependent upon their mitochondrial hap- 
lotype (giraulti versus vitripennis). Because hy- 
brid mortality is post-embryonic (7) and embryo 
ratios are Mendelian (33), these distortions reflect 
larval to adult mortality. In particular, F2 males 
with N. vitripennis alleles on the left arm of chro- 
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mosome 5 and WN. giraulti mitochondria suffer nearly 
100% mortality (Fig. 2). This region contains three 
genes encoding mitochondrial interacting proteins, 
atpD, ampK, and nadh-ubiquinone oxireductase 
(Fig. 2). Coevolution of nuclear and mitochon- 
drial genomes can accelerate evolution (34, 35), 
and these findings indicate that such interactions 
contribute to reproductive incompatibility and spe- 
ciation in Nasonia. 

Sequences of 25 gene regions from multiple 
strains for the three Nasonia species (6) show low 
levels of intraspecific variation (table $14) with 
synonymous site variation ranging from 0.0005 
in N. giraulti to 0.0026 in N. vitripennis, which 
are much lower than in Drosophila species and 
more akin to levels observed in humans (36). 
This low nuclear variation could be explained by 


Fig. 3. Distribution of rec- 
ognizable Nasonia ortho- 
logs and Nasonia-specific 
genes among gene models 
with expression sequenc- 
ing support (6). 


Fig. 4. PRANC domain 
proteins in Nasonia, Pox A 
viruses, and Wolbachia. 
(A) Maximum-likelihood 
tree of PRANC-domain se- 
quences found in Pox vi- 
ruses, rickettsia (Wolbachia 
and Orientia), and par- 
asitoids (N. vitripennis 
and Cotesia congregata). 
The tree was estimated 
using RaxML with 1000 
bootstrap replicates and 
model settings estimated 
by ProtTest [see (6); align- 
ment deposited in Tree- 
base with ID SN4709]. 
Bootstrap values above 
50% are shown by the 
corresponding nodes. 
The phylogenetic rela- 
tionships suggest lateral 
transfer from Wolbachia 
to the Nasonia lineage. 
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founder events, purging of deleterious mutations 
in haploid males, or inbreeding. 

Recent lateral gene transfers from the bacte- 
rial endosymbiont Wolbachia into the genomes 
of Nasonia and other arthropods have been iden- 
tified (37). Detecting ancient lateral transfers is 
more problematic. By examining protein domain 
arrangements in Nasonia relative to other orga- 
nisms, we uncovered an ancient lateral gene transfer 
involving Pox viruses, Wolbachia, and Nasonia. 
Thirteen ANK repeat—bearing proteins encoded 
in the N. vitripennis genome also contain C-terminal 
PRANC (Pox proteins repeats of ankyrin—C terminal) 
domains. This domain was previously only de- 
scribed in Pox viruses, where it is associated with 
ANK repeats and inhibits the nuclear factor kB 
(NF-«B) pathway in mammalian hosts (38). A 
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computational screen revealed ANK-PRANC— 
bearing genes in some Wolbachia and a related 
Rickettsiales (Fig. 4). Screening additional Wol- 
bachia confirmed the presence of ANK-PRANC 
genes in diverse Wolbachia. The Nasonia PRANC 
genes are clearly integrated in the genome (6) and 
are expressed in different life stages (table S15). 
Phylogenetic analysis of the PRANC-domain se- 
quences suggests that the Nasonia lineage acquired 
one or more of these proteins from Wolbachia, 
with subsequent amplification and divergence (Fig. 
4). Such lateral gene transfers between bacteria and 
animals could be an important source of evolu- 
tionary innovation (37). 

Nasonia is a carnivore, feeding on an amino 
acid-rich diet both as larva and adult (4). Map- 
ping of Nasonia genes onto metabolic pathways 
(39) revealed loss or rearrangement in some amino 
acid metabolic pathways, including tryptophan 
and aminosugar metabolism (fig. S9) (6). The 
changes may reflect its specialized carnivorous 
diet and can inform efforts to produce artificial 
diets for more economical parasitoid rearing. 

The venom of parasitoids, injected into a host 
before oviposition, serves to condition the host for 
successful development of wasp progeny (J/, 2). 
Unlike the defensive Apis venom that inflicts pain 
and damage, parasitoid venoms have diverse phys- 
iological effects on hosts, including developmen- 
tal arrest; alteration in growth and physiology; 
suppression of immune responses; induction of 
paralysis, oncosis, or apoptosis; and alteration of 
host behavior (40). The identification of Nasonia 
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genes with venom features and proteomic analyses 
of venom reservoir tissues have uncovered a 
rich assemblage of 79 candidate venom proteins 
(table S16) (47). Some Nasonia venom reservoir 
proteins belong to previously known insect venom 
families such as serine proteases; however, 
nearly half were not related to any known insect 
venoms. As expected, many of these venom can- 
didates show highly elevated expression in the 
female reproductive tract, which includes the 
venom glands and reservoirs. Venom genes also 
showed significantly higher dN/dS ratios between 
N. vitripennis and N. giraulti than nonvenom 
genes did (Mann-Whitney U test, P< 2 x 10°), 
suggesting that changes in host use between the 
species may be accompanied by rapid evolution 
of venom proteins. The large venom protein set 
found in Nasonia with diverse physiological effects 
(40) and abundance of parasitoid species (/, 2) 
suggests that parasitoids may contain a rich 
venom pharmacopeia of potential new drugs. 

N. vitripennis is a generalist parasitoid with a 
wide host utilization of many fly species, whereas 
the other Nasonia species are specialists (4, 10). 
Using genomic tools, a major host preference locus 
has been mapped to a region of ~2 cM (J0). 
Other genes in the Nasonia genome that are po- 
tentially involved in host finding include odorant 
binding proteins (table S17) and chemoreceptors 
(42), which show expansions, contractions, and 
pseudogenization, indicative of rapid turnover. 

A suite of genetic tools and resources is 
available or under development for the Nasonia 
system (4, 6, 11, 28), and the genome resources 
presented here can be used for fine-scale map- 
ping (6, 9-//) and positional cloning (8) of QTLs. 
By combining haploid genetics, ease of rearing, 
short generation time, systemic RNAi, interfertile 
species, and new genome resources for three spe- 
cies, Nasonia shows promise as a genetic model 
system for evolutionary and developmental ge- 
netics. Genome resources described here and our 
resulting enhanced understanding of parasitoid 
biology will also open avenues for improving 
parasitoid utility in biological control of pests of 
agricultural and medical importance. 
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Zebrafish Behavioral Profiling Links 
Drugs to Biological Targets and 
Rest/Wake Regulation 


Jason Rihel,**+ David A. Prober,"*t Anthony Arvanites,” Kelvin Lam,” 
Steven Zimmerman,* Sumin Jang,’ Stephen J. Haggarty,”*> David Kokel,° 
Lee L. Rubin,? Randall T. Peterson,?"*” Alexander F. Schier’??-®?+ 


A major obstacle for the discovery of psychoactive drugs is the inability to predict how small 
molecules will alter complex behaviors. We report the development and application of a high- 
throughput, quantitative screen for drugs that alter the behavior of larval zebrafish. We found that 
the multidimensional nature of observed phenotypes enabled the hierarchical clustering of 
molecules according to shared behaviors. Behavioral profiling revealed conserved functions of 
psychotropic molecules and predicted the mechanisms of action of poorly characterized compounds. 
In addition, behavioral profiling implicated new factors such as ether-a-go-go—related gene (ERG) 
potassium channels and immunomodulators in the control of rest and locomotor activity. These 
results demonstrate the power of high-throughput behavioral profiling in zebrafish to discover and 
characterize psychotropic drugs and to dissect the pharmacology of complex behaviors. 


ost current drug discovery efforts focus 
M: simple in vitro screening assays. 

Although such screens can be success- 
ful, they cannot recreate the complex network 
interactions of whole organisms. These limita- 
tions are particularly acute for psychotropic drugs 
because brain activity cannot be modeled in vitro 
(J-3). Motivated by recent small-molecule screens 
that probed zebrafish developmental processes 
(4-7), we developed a whole organism, high- 
throughput screen for small molecules that alter 
larval zebrafish locomotor behavior. We used an 


automated rest/wake behavioral assay (3, 8) to 
monitor the activity of larvae exposed to small 
molecules at 10 to 30 uM for 3 days (Fig. 1A) 
(3). Multiple behavioral parameters were mea- 
sured, including the number and duration of rest 
bouts, rest latency, and waking activity (i.e., ac- 
tivity not including time spent at rest) (Fig. 1B) 
(3). We screened 5648 compounds representing 
3968 unique structures and 1680 duplicates and 
recorded more than 60,000 behavioral profiles. 
Of these, 547 compounds representing 463 unique 
structures significantly altered behavior relative 


to controls, according to a stringent statistical 
cutoff (3). 

Because the alterations in behavior were mul- 
tidimensional and quantitative, we assigned a 
behavioral fingerprint to each compound and 
applied clustering algorithms to organize mol- 
ecules according to their fingerprints (Fig. 2A 
and figs. S1 to S3). This analysis organized the 
data set broadly into arousing and sedating com- 
pounds and identified multiple clusters corre- 
sponding to specific phenotypes (Fig. 2, B to 
F; Fig. 3, A to C; Fig. 4, B and C; and figs. S1 
to S4). Clustering allowed us to address three 
questions: (i) Do structural, functional, and be- 
havioral profiles overlap? (11) Does the data 
set predict links between known and unknown 
small molecules and their mechanisms of ac- 
tion? (ii1) Does the data set identify unexpected 
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candidate pathways that regulate rest/wake 
states? 

Cluster analysis revealed several lines of evi- 
dence that molecules with correlated behavior- 
al phenotypes often shared annotated targets or 
therapeutic indications (Fig. 2, B to F, and figs. 
S1 to S4). First, drug pairs were more likely to 
be correlated if the compounds shared at least 
one annotated target (median correlation when 
sharing one target, 0.561 versus 0.297 when 
sharing zero targets; fig. S5, A and B). Second, 
analysis of 50 different structural and therapeu- 
tic classes revealed that drugs belonging to the 
same class produced highly correlated behav- 
iors in nearly all cases (fig. SSC and fig. S6) 
(3). For example, several structurally diverse 
selective serotonin reuptake inhibitors (SSRIs) 
similarly reduced waking, and sodium channel 
agonist insecticides induced large increases in 
waking activity (fig. SSC and fig. S6). Third, 
behavioral profiling uncovered the polyphar- 
macology of drugs with multiple targets. For 
example, the profile of the dopamine reuptake 
inhibitor and muscarinic acetylcholine receptor 
antagonist 30-bis-(4-fluorophenyl) methoxytro- 
pane correlated only with drugs that also shared 
both properties, such as the anti-Parkinson’s drug 
trihexyphenidy] (fig. S7) (3). Fourth, modulators 
of the major neurotransmitter pathways often 
induced locomotor and rest/wake effects in zebra- 
fish larvae similar to those seen in mammals (figs. 
S8 to S15) (3). For example, a-adrenergic recep- 
tor agonists (e.g., clonidine) were sedating, whereas 
B-adrenergic agonists (e.g., clenbuterol) were arous- 
ing, as in mammals (fig. S8). These analyses 
indicate that compounds with shared biological 
targets yield similar and conserved phenotypes in 
our high-throughput behavioral profiling. 

Detailed analyses revealed that the clustering 
of well-known and poorly characterized drugs 
could predict targets for compounds whose mode 
of action has been unclear (Fig. 3). For example, 


Fig. 1. Larval zebrafish locomotor activ- 
ity assay. (A) At 4 days post-fertilization 
(dpf), an individual zebrafish larva is pi- 
petted into each well of a 96-well plate 
with small molecules. Automated analysis 
software tracks the movement of each 
larva for 3 days. Each compound is tested 
on 10 larvae. (B) Locomotor activity of a 
representative larva. The rest and wake 
dynamics were recorded, including the 
number and duration of rest bouts [i.e., a 
continuous minute of inactivity (8)], the 
timing of the first rest bout after a light 
transition (rest latency), the average wak- 
ing activity (average activity excluding rest 
bouts), and the average total activity. To- 
gether, these measurements generate a 
behavioral fingerprint for each compound. 
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the pesticide amitraz coclustered with o1n-adrenergic 
agonists (Fig. 3A), consistent with reports that 
amitraz causes clonidine-like side effects in mam- 
mals and binds to a-adrenergic receptors (9). 
Similarly, sinapic acid methyl ether coclustered 
with N-methyl-p-aspartate (NMDA) receptor an- 
tagonists (Fig. 3B), which suggests that the mild 
anxiolytic effect of sinapic acid in mice is due 
to NMDA receptor antagonism rather than y- 
aminobutyric acid (GABA) receptor activation, 
as proposed (/0). Indeed, several sinapic acid 
analogs are known to block NMDA-induced ex- 
citotoxicity in vitro (1/, /2). Finally, MRS-1220, 
an adenosine A3 receptor antagonist (/3), clus- 
tered with monoamine oxidase (MAO) inhibitor 
antidepressants (Fig. 3C). To directly test whether 
MRS-1220 inhibits MAO, we performed an in 
vitro activity assay and found a median inhibitory 
concentration (ICs9) of ~1 uM (Fig. 3D). Thus, 
behavioral profiling in zebrafish larvae can pre- 
dict and identify targets of poorly characterized 
compounds. 

In addition to revealing a conserved neuro- 
pharmacology between zebrafish and mammalian 
rest/wake states (figs. S8 to S15) (3), behavioral 
profiling identified additional pathways involved 
in rest/wake behaviors: 

1) L-type calcium channel inhibitors of the 
verapamil class increased rest with minimal ef- 
fects on waking activity (fig. S16). This is likely 
a direct effect on rest regulation, because aver- 
age waking activity and associated muscle ac- 
tivity were unaffected. 

2) Cluster analysis identified two structurally 
related podocarpatrien-3-ones that specifically in- 
creased rest latency (Fig. 4A). These and other 
compounds also revealed that total rest, rest la- 
tency, and waking activity can be disassociated, 
indicating that these processes can be regulated 
by distinct mechanisms (3). 

3) Although inflammatory cytokine signal- 
ing has long been known to promote sleep dur- 
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ing infection, a role for the immune system in 
normal vertebrate sleep/wake behavior has not 
been described (/4). Behavioral profiling re- 
vealed that a diverse set of anti-inflammatory 
compounds increased waking activity during the 
day with much less effect at night (Fig. 4B and 
fig. S17). These anti-inflammatory compounds 
included the steroidal glucocorticoids, the non- 
steroidal anti-inflammatory drugs (NSAIDs), 
phosphodiesterase (PDE) inhibitors, and other 
compounds with anti-inflammatory properties, 
including the immunosuppressant cyclosporine 
and the mood stabilizer valproic acid. Taken 
together, these data suggest that inflammatory 
signaling pathways not only induce sleep during 
infection (/4) but also play a role in setting 
normal daytime activity levels. 

4) Ether-a-go-go-related gene (ERG) potassi- 
um channel blockers selectively increased wak- 
ing activity at night without affecting total rest 
(Fig. 4C and fig. S18). This phenotype was in- 
duced by compounds with divergent therapeutic 
indications (e.g., the antimalarial halofantrine, 
the antipsychotic haloperidol, the antihistamine 
terfenadine); however, these drugs also inhibit 
the ERG channel and can cause the heart rhythm 
disorder long QT syndrome (/5, /6). Rank-sorting 
all the screened compounds by their finger- 
prints’ mean correlation to the ERG-blocking 
cluster resulted in a significant enrichment of 
known ERG blockers in the top ranks (Fig. 4D). 
Moreover, the specific ERG inhibitor dofetilide 
increased nighttime activity, whereas structurally 
related non-ERG blocking compounds, includ- 
ing the antihistamines fexofenadine and cetirizine, 
did not (fig. S18B). Finally, this phenotype was 
not caused by general misregulation of potassium 
channels, because psora-4, a drug that blocks the 
related shaker potassium channel Kv1.3, induced 
a distinct phenotype (fig. S18A). These results 
suggest that ERG potassium channels play a role 
in regulating wakefulness at night that is distinct 
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Fig. 2. Hierarchical clus- 
tering reveals the diversity 
of drug-induced behaviors. 
(A) Behavioral profiles are 
hierarchically clustered to 
link compounds to behav- 
iors. Each square of the 
clustergram represents the 
average relative value in 
standard deviations (yel- 
low, higher than controls; 
blue, lower than controls) 
for a single behavioral 
measurement. Dark bars 
indicate specific clusters 
analyzed in subsequent 
figures. (B to F) Normal- 
ized waking activity and 
rest graphs are plotted 
for behavior-altering com- 
pounds (red trace; aver- 
age of 10 larvae) and 
representative controls 
(10 blue traces; average 
of 10 larvae each). Com- 
pounds that altered be- 
havior include the mood 
stabilizer and antiepilep- 
tic drug sodium valproate 
(B), the psychotomimet- 
ic NMDA antagonist L- 
701324 (C), the sodium 
channel agonist pesticide 
DDT (D), the antimalarial 
halofantrine (E), and the 
calcium channel blocker 
methoxyverapamil (F). 


Fig. 3. Predicting pri- 
mary and secondary bio- 
logical targets for poorly 
characterized compounds. 
(A) The pesticide ami- 
traz coclusters with a2- 
adrenergic agonists. (B) 
Sinapic acid methyl ether 
coclusters with NMDA an- 
tagonists. (C) MRS-1220 
coclusters with MAO in- 
hibitors. (D) MRS-1220 
inhibits MAO-B activity 
in an enzymatic assay with 
an ICsg of ~1 pM. Pargy- 
line is a known MAO-B 
inhibitor (29). The clusters 
include repeats from dif- 
ferent chemical libraries. 
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from the role of shaker channels in regulating sleep | demonstrates a conserved vertebrate neurophar- cology, and systems biology. First, behavioral 


in flies and mice (/7, 18). 


macology, and identifies regulators of rest/wake profiling has the potential to complement tra- 


As applied here, behavioral profiling reveals states. Our findings have two major implica- ditional drug discovery methodologies by com- 
relationships between drugs and their targets, tions for the fields of neurobiology, pharma- bining the physiological relevance of in vivo 
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Fig. 4. Unexpected regulators of zebrafish 
rest/wake states. (A) Podocarpatrien-3-one 
analogs increase rest latency, the time from 
light transition to the first rest bout, rela- 
tive to controls. Error bars represent SEM. 
(B) Many wake-promoting anti-inflammatory 
and immunomodulating compounds coclus- 
ter (blue, NSAIDs; green, glucocorticoids; pink, 
PDE inhibitors; yellow, miscellaneous anti- 
inflammatories; white, no anti-inflammatory 
annotation). See fig. $17 for an extended 
list. (C) A cluster of ERG-blocking com- 
pounds specifically increases waking activity 


at night. (D) Rank-sorting the data set by correlation to the ERG blocking 
cluster results in a significant enrichment of ERG blockers in the top ranks 
[P < 10-7? by the Kolmogorov-Smirnov statistic (3)]. Black lines indicate 
known ERG blockers; red indicates high correlation, green indicates low 


assays with high-throughput, low-cost screen- 
ing (3). Future screens can be expanded to in- 
clude many more uncharacterized compounds 
and to assay additional phenotypes, including 
those associated with human psychiatric dis- 
orders. In this way, behavioral profiling can 
characterize large classes of compounds and re- 
veal differences in effectiveness, potential side 
effects, and combinatorial properties that might 
not be detected in vitro. Second, behavioral pro- 
filing allows for the systematic dissection of 
the pharmacology of complex behaviors. Our 
screen profiled the effects of dozens of neuro- 
transmitter pathways and identified small mo- 
lecules that regulate discrete aspects of rest/wake 
states. Future experiments can test drug combi- 
nations to identify synergistic or antagonistic ef- 
fects among psychotropic compounds and to 
build interaction maps. High-throughput be- 
havioral profiling thus may enable application 
of the logic and approaches of systems biology 
to neuropharmacology and behavior. 
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NEW PRODUCTS FOCUS: AUTOMATION 
IFC SYSTEM 


Fluidigm Europe 
For info: +33-44-259-3861 


MULTIPURPOSE CENTRIFUGE 

The multipurpose Centrifuge 5430 R spins tubes from 0.2 ml 
to 50 ml, as well as microplates. It has a maximum speed of 
30,130 x g (17500 rpm) and requires only 15 inches of bench 
space, SO users can spin 15 ml and 50 ml conical tubes as 
well as plates for polymerase chain reaction and enzyme- 
linked immunosorbent assays directly on the lab bench. A 
refrigerated model with superior temperature management 
options is available. 

Eppendorf North American 

For info: 800-645-3050 | www.eppendorf.com 


MICROPLATE HEAT SEALER 

The TriSeal Pro is a budget-priced continuous-roll microplate 
heat sealer for medium to high throughput plate-sealing appli- 
cations. Designed to produce a tight seal on any standard mi- 
croplate from a thin polymerase chain reaction plate to deep- 
well plates, the TriSeal Pro includes a 610-meter sealing-film 
roll, which can seal up to 5,000 plates without intervention. A 
unique turntable design allows simultaneous loading, unload- 
ing, and sealing for a plate-sealing rate of three per minute. It 
provides precisely adjustable temperature control from 50°C 
to 185°C, enabling it to operate with more foil and film seals. 
Pneumatically operated, it requires only compressed air and 
mains voltage for routine operation. 

Porvair Sciences 

For info: +44-1932-240255 | www.porvairsciences.com 


HEATER AND SHAKER PACKAGE 

The Microlab Nimbus Heater/Shaker Package incorporates 
high-speed automated pipetting with orbital plate shaking 
and heating. This preconfigured, turnkey package provides 
streamlined functionality for a variety of applications that re- 
quire heat for solute mixing or shaking, such as in colorimet- 
ric, fluorescent, or luminescent bioassays; cell viability as- 
says; and magnetic separations. The package includes device- 
mounting hardware, optimized test methods, and a choice 
of either the new Hamilton Heater Shaker module or one of 
several Variomag Teleshake models. Pipetting can be done di- 
rectly to microplates on the heater/shaker and plates can be 


The Fluidigm BioMark IFC Controller MX is designed to automatically prime and load 48.48 
Dynamic Array and Digital Array integrated fluidic circuits (IFCs). The MX is a compact, fully 
integrated system with an internal computer, touch-screen control, and internal air source 
capable of setting up 2,304 reactions within minutes. It is suitable for labs undertaking gene 
expression, genotyping, and real-time and digital polymerase chain reaction (PCR) experi- 
ments that have lower throughput requirements, tight budgets, and limited bench space. It 
automates the setup of dynamic array or digital array chips. After samples and assays have 
been pipetted into the inlets of the input frame, the chip is placed onto the controller and with 
a few taps of the touch screen, samples and assays are loaded into the IFCs. After setup, the 
IFCs are placed on the BioMark Real-Time PCR system for thermal cycling and data collection. 
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transported to and from the device with an optional labware 
gripper. The devices are compatible with standard microplate 
formats and provide accurate Peltier-based temperature con- 
trol and orbital shaking with variable speed control. 

Hamilton 

For info: 775-858-3000 | www.hamiltonrobotics.com 


HIGH THROUGHPUT PIPETTING 

The enhanced Liquidator 96 is a powerful personal research 
tool that adds speed and flexibility to high throughput man- 
ual pipetting. It is suitable for applications involved in pro- 
teomics and genomics, such as kinetics, gene expression, 
protein-protein interaction, and enzyme-linked immunosor 
bent assays. It can be used in cell-based assays and many 
other studies. Its uses include adding sample, filling plates, 
motherdaughter plate replication, reformatting from 96-well 
to 384-well plates, and adding sample to chemotaxis plates. 
Liquidator 96's precision and accuracy ensure reproducible 
results well-to-well and plate-to-plate, without the need for 
complicated programming or dedicated technician time. 
Rainin Instrument 
For info: 510-564-1600 


MICROCENTRIFUGE 
More powerful than the personal SCF1 Spinner, the SCF2 
Microcentrifuge is a compact, variable speed unit that ac- 
commodates a fixed angle rotor holding 12 tubes or a strip 
tube rotor. Versatility and ease of use are key features of 
the new unit. The fixed angle rotor holds up to 12 x 1.5-ml 
or 2.2-ml microfuge tubes and, using the supplied adapters, 
0.5-ml and 0.2-ml tubes can also be centrifuged. The strip 
tube rotor holds four strips of 8 x 02.-ml tubes. No tools are 
required to install the rotors and spin speed is variable, up 
to 13,500 rpm for the fixed angle rotor and 6,000 rpm for 
the strip tube rotor. Centrifugation speed can be displayed 
in rom or rcf, and the timer can be set for run times from 
1 to 30 minutes. A pulse button enables rapid spindown. 
Bibby Scientific 

For info: +44-(0)-1785-812121 
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POSITIONS OPEN 


LIBER ERO CHAIR IN COASTAL STUDIES 
Simon Fraser University 


The Faculty of Science and the Faculty of Environ- 
ment at Simon Fraser University invite applications for 
the first Liber Ero Chair in Coastal Studies. We are 
seeking an outstanding scientist with an established 
international reputation, or an exceptionally promising 
junior scientist, in an area of environmental research 
complementary to those of an already outstanding 
group of researchers (Tom Buell British Columbia 
Leadership Chair in Salmon Conservation, Centre for 
Coastal Studies, Centre for Natural Hazards Research, 
Centre for Wildlife Ecology, School of Resource and 
Environmental Management). Potential research areas 
include, but are not limited to, coastal ecosystem 
dynamics, land-ocean interactions, integrated coastal 
management, ecosystem-based management, and ma- 
rine biodiversity conservation. It is anticipated that the 
Chair will be appointed in one of the science depart- 
ments or in the newly created Faculty of the Environ- 
ment. The rank of the appointment will depend on the 
experience of the successful candidate. Income from 
the substantial Liber Ero Endowment will provide a 
significant annual research budget for the Chair. The 
Chair will be expected to mount a strong and highly 
visible research program, to contribute to our under- 
graduate and graduate teaching programs, and to 
collaborate with the Centre for Coastal Studies on 
outreach activities. 

Research on environmental issues is a very high 
priority for Simon Fraser University and the Province 
of British Columbia, which recently created the Pacific 
Institute for Climate Solutions that engages the four 
primary research universities in the province. Given the 
high degree of public interest in the environment, the 
ability of the Liber Ero Chair to engage the public, 
relevant stakeholders, and government agencies in 
constructive dialogue will be considered an asset. 

Applicants should send curriculum vitae, a concise 
research proposal, and a list of at least three individ- 
uals willing to act as references to: 


Dr. Michael Plischke 
Dean of Science 
Simon Fraser University 
8888 University Drive 
Burnaby, BC, Canada V5A 186 
E-mail: scdean@sfu.ca 

This competition will remain open until the position 
is filled. Screening of applications will commence on 
March 1, 2010. 

All qualified candidates are encouraged to apply; however, 
Canadians and permanent residents of Canada will be given 
priority. Simon Fraser University is committed to an equity em- 
ployment program that includes special measures to achieve 
diversity among its faculty and staff. We therefore particularly 
encourage applications from qualified women, aboriginal Cana- 
dians, persons with disabilities, and members of visible minorities. 


POSTDOCTORAL POSITION, BOSTON 
in Tuberous Sclerosis and LAM 


The Henske laboratory at Harvard Medical School 
and the Brigham and Women’s Hospital (BWH) is 
seeking a highly motivated Postdoctoral Fellow with 
training in genetics, biochemistry, or cell biology to 
study tuberous sclerosis complex (TSC) and/or lym- 
phangioleiomyomatosis (LAM). Please send curriculum 
vitae, cover letter, and names of three references to: 
Dr. Elizabeth Petri Henske, Brigham and Women’s 
Hospital, One Blackfan Circle, Sixth Floor, Boston, 
MA 02115. E-mail: henskelab@gmail.com. BWH is 
an Affirmative Action/Equal Opportunity Employer. 


CAREER OPPORTUNITY. Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in 
science and M.D.s. Excellent career opportunities for 
O.D.-Ph.D.s and O.D.-M.D.s in research, education, 
industry, and clinical practice. This unique program 
starts in March of each year, features small classes, and 
has 12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 800- 
824-5526 at The New England College of Op- 
tometry, 424 Beacon Street, Boston, MA 02115. 
Additional information at website: http://www. 
neco.edu. Email: admissions@neco.edu. 


POSITIONS OPEN 


UNIVERSITY OF SOUTH CAROLINA 


S. SCHOOL OF MEDICINE 


ENDOWED CHAIR IN INFLAMMATION 
AND VISION RESEARCH 

The University of South Carolina invites inquiries, 
nominations, and applications for an outstanding 
scientist to help establish a statewide Vision Science 
Center of Economic Excellence (COEE) and serve 
as the USC director. This is a tenured Endowed Chair 
that provides a unique opportunity to use the basic 
and clinical resources at USC to develop an area of 
advanced research in any of the inflammatory or auto- 
immune diseases that affect the eye. Applicants should 
have a Ph.D., M.D., D.V.M., or equivalent degree with 
experience in immunology and/or cellular/molecular 
biology and use genetic or pharmacological tools to 
address the role of inflammation or autoimmunity in 
the broad area of ocular biology and disease. A his- 
tory of significant grant funding and experience lead- 
ing a research team is required. In addition to running 
a successful research team, the selected candidate will 
take the lead in the hiring and mentoring of junior 
faculty in inflammation research involving ocular bi- 
ology. Also, opportunities exist to collaborate with 
researchers from NIH Center for Inflammatory and 
Autoimmune Diseases (website: http://camcenter. 
med.sc.edu/) located at the University of South Car- 
olina School of Medicine (website: http://www. 
med.sc.edu/). Inquiries and nominations should be 
sent electronically to Prakash Nagarkatti, Ph.D, 
Associate Dean for Basic Science, e-mail: pnagark@ 
uscmed.sc.edu. Applications with curriculum vitae, 
brief statement of research interests, and names of four 
references should be sent electronically to e-mail: 
vision@uscmed.sc.edu. The University of South Carolina is 
an Affirmative Action/Equal Opportunity Employer. Minorities 
and women are especially encouraged to apply. The University of 
South Carolina does not discriminate in educational or employ- 
ment opportunities or decisions for qualified persons on the basis 
of race, color, religion, sex, national origin, age, disability, sexual 
orientation, or veteran status. 


ASSISTANT/ASSOCIATE PROFESSOR 
in Pharmaceutical Sciences 
Northeastern University 


Applications are invited for two tenure-track or ten- 
ured faculty positions in medicinal chemistry and drug 
discovery, and in pharmaceutics and drug delivery. 
Successful candidates are expected to establish extra- 
murally funded research programs, participate in 
Pharm.D. and graduate (M.S. and Ph.D.) teaching, 
and engage in service. Applicants with current trans- 
ferable funding will be given priority. The medicinal 
chemistry position will be associated with the Center 
for Drug Discovery (CDD), one of several research 
centers in the Department. Northeastern University is 
located in the heart of Boston within close proximity 
to major biotechnology/pharmaceutical companies, 
academic institutions, and medical centers. 

Interdisciplinary appointments and highly competi- 
tive startup packages are available to qualified appli- 
cants. The start date for these positions is September 
2010. Evaluation of candidates will begin immediately 
and applications will be accepted until the positions are 
filled. 

Applications must be submitted online at website: 
http://www.northeastern.edu/provost/faculty/ 
positions.html by clicking on Access Faculty Positions. 
More information about the Department and the 
CDD may be found at websites: http://www. 
northeastern.edu/pharmsci/ and http://www. 
cdd.neu.edu/. Applicants may also contact search 
chairs Alex Makriyannis (medicinal chemistry and 
drug discovery) at e-mail: a.makriyannis@neu.edu, 
or John Gatley (pharmaceutics and drug delivery) at 
e-mail: s.gatley@neu.edu. 

The successful candidates must have experience in, or 
commitment to, working with diverse student populations and/or 
in a culturally diverse work and educational environment. North- 
eastern University is an Equal Opportunity/Affirmative Action, 
Title IX, and ADVANCE Institution. Minorities, women, and 
persons with disabilities are strongly encouraged to apply. 
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DENMARK 


BETTER. FASTER. STRONGER. 


LEADING THE WAY 
IN TRANSLATIONAL MEDICINE 


WEBINAR 


Translational medicine is a field that continues to grow rapidly. 
Encouraging, supporting, and developing basic translational research 
and its therapeutic application is essential to building a strong 
foundation in science. This webinar will focus on what Denmark is 
doing to advance research, strengthen ties between academia and 
industry, and provide a fertile environment for innovation. Discussion will 
cover government initiatives (Danish and EU) to support translational 
medicine, as well as the infrastructure put in place within Denmark to 
support and nurture domestic and foreign investment in this research. 


'February 10, 2010 


5 pm CET, 4 pm GMT, 11 am EST, 8 am PST 


During this webinar our panelists will: 


@ Discuss the importance of translational research and its impact on 
scientific discovery and drug development within Denmark. 


Outline government and other programs that encourage 
partnerships between academic institutions and industry. 


Talk about the potential advantages for companies of relocation 
to Denmark to carry out translational research—related work. 


@ Answer your questions live. 


If you are looking to move your business operations to Denmark or to 
invest in Denmark, then make sure you participate in this live webinar! 


Register Now! 
Sign Up At: 
www.sciencemag.org/webinar 


x 


Participating Experts: 


Prof. Lars Arendt-Nielsen Dr. Neils Porksen 
Aalborg University Eli Lilly & Company 


See 
Aalborg, Denmark Indianapolis, IN Science 
Prof. Liselotte Hajgaard AVAAAS 
Rigshospitalet 

Copenhagen, Denmark Brought to you by the 


AAAS/Science Business Office 


Webinar sponsored by Invest in Denmark 
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DENMARK: 


MAKING GLOBAL CONNECTIONS 


Denmark's @resund bridge—connecting Copenhagen to southern Sweden— 
symbolizes the country’s strengths in connecting basic and applied research, and 
academic and corporate interests. “Denmark has a well-educated population, a 
number of leading life science companies, and an international research environ- 
ment,’ says Prime Minister Lars L@kke Rasmussen. Minister of Economic and 
Business Affairs, Lene Espersen, adds that Denmark encourages scientific entre- 
preneurship with “a skilled and flexible labor force, and government policy that nur 
tures new and emerging technologies and innovative companies.” Both ministers 
say green technology is especially encouraged. According to the prime minis- 
ter, “We have pursued an ambitious environmental and climate policy. This 
gives us an advantage now that these issues are getting global attention.” 


By Chris Tachibana 


Connecting Bench and Bedside, 
Academics and Industry 
Denmark has a long history of bringing basic research results 
to the marketplace. “We have a more than century-old tradi- 
tion of generating successful pharmaceutical companies and 
conducting clinical trials, and a decade of experience in creat- 
ing biotechnology companies,” says Ole Frijs-Madsen, Direc- 
tor of Invest in Denmark (IDK). In the 1920s, in an early ex 
ample of translational research, scientists and physicians part- 
nered with the companies that became Novo Nordisk and LEO 
Pharma to develop insulin for clinical use. Mads Krogsgaard 
Thomsen, chief science officer of Novo Nordisk, says, “Den- 
mark has traditionally been very strong in biomedical research. 
Some of the most cited clinical research in diabetes and meta- 
bolic disease comes from this part of the world.” Liselotte 
Hgjgaard, professor in medicine and technology, University of 
Copenhagen agrees. “We have done translational research for 
along time, we've just called it something else.” Clinical studies 
are facilitated by “a strong emphasis on taking basic re- 
search results into patient studies,” says Hajgaard. “The pop- 
ulation in Denmark knows that medical research improves 
patient treatment.” 

Based on these strengths, the Danish government launched 
a globalization strategy in 2006, outlined in the Science fea- 
ture, “Denmark—Building on Tradition” (dx.doi.org/10.1126/sci- 
ence.opms.r0600008). That strategy aimed to increase funding 
for research and development to 3 percent of gross domestic 
product, with 1 percent from public sources. Prime Minister 
Lokke Rasmussen says the public expenditure goal will be 
met. “It is important to maintain focus, despite the global re- 
cession.” According to IDK Director Frijs-Madsen, of the $1.8 


“The number of foreigners coming 

to work here has almost tripled since 
2001, and the number of international 
students has doubled. This is a very 
positive development.” 


billion allocated for the 2010-2012 globalization funds, $1.4 bil- 
lion is for advancing science and innovation. The strategy also 
planned to double the number of Ph.D. scholarships, and this 
appears to be on target. At Aarhus University, in Denmark's 
second largest city, Erik Meineche Schmidt, dean of natu- 
ral sciences, says, “We have seen a major increase over the 
last three or four years in the number of Ph.D. students. We 
used to accept maybe 80 a year. Last year we admitted 130." 
About one-third are foreign students, many recruited from 
Eastern Europe. continued » 


va UPCOMING FEATURES ———.. 
Diversity 1: Women in Science—February 12 


Postdoc 1: Life Beyond the Bench—March 5 


Faculty 1: Lab Management—March 12 
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Denmark encourages 
scientific entrepreneurship 
with “a skilled and 

flexible labor force, and 
government policy that 
nurtures new and emerging 
technologies and innovative 
companies.” 


— Lene Espersen 


Corporate-Clinical-Academic Partnerships 

For students and scientists seeking training in both academia 
and industry, Denmark offers excellent opportunities. The 
Danish Technical University, whose main campus is in 
Lyngby, north of Copenhagen, specializes in applied research 
and industry collaboration, covering areas from robotics to food 
science. A prime example of academic-corporate collaborations 
is the industrial Ph.D. scholarship, each of which is co-funded 
by the government and a company, and includes a mandatory 
business course. Students are trained in the “commercial 
aspects of research and development,” and create personal 
networks between companies and universities. In 2008, 119 
industrial Ph.D. scholarships were granted, up from 50 in 
2002, the first year of the program. Most are in biomedicine, 
engineering, and technology, but fields like agriculture and 
fisheries are also funded. 

The biotechnology company Exigon has hosted several in- 
dustrial Ph.D. students, and all now have industry careers. Ac- 
cording to CEO Lars Kongsbak, the students “learn the im- 
portance of delivering a product of value to customers, which 
you need to know to start a business.” They also gain commu- 
nication experience. “An industry Ph.D. student sees the value 
of communicating, not only in academic papers and posters 
at scientific meetings, but also in sales brochures and public 
presentations.” 

Another program that encourages academic-corporate col- 
laborations is the Innovation Consortia program, started by the 
Danish government in 2007. A successful example is CureND, 
a consortium focused on finding drugs and diagnostics for Par 
kinson's disease. It includes academic labs at Aarhus and Aal- 
borg universities, and several companies, including Wyeth (now 
part of Pfizer). IDK’s Frijs-Madsen calls CureND “a targeted and 
innovative discovery research program, and an excellent public- 
private collaboration model.” Daniel Otzen is CureND’s direc- 
tor, and says the program works because “companies don't 
want to just bankroll academic research but want genuine part- 
nerships.” At CureND, “each partner has well-defined tasks. 
My lab was able to take the time to find the best conditions for 


a high throughput screen that was subsequently turned into a 
genuine screening assay by Wyeth.” 

Otzen exemplifies the easy flow between industry and aca- 
demia. Between his Ph.D. and his postdoc in Lund, Sweden, 
he worked as a staff scientist at Novozymes, and says his work 
there became a major focus of his basic research at Aarhus 
University. “A stint in industry is great—l would strongly en- 
courage it for everybody. It opens your mind for other work- 
ing environments, and makes it easier to subsequently en- 
gage in transparent and mutually beneficial private-public 
collaborations.” This attitude has spurred biotechnology in 
Medicon Valley, as the network of biomedical research interests 
in Denmark and southern Sweden is known. In 2008, Ernst and 
Young ranked Denmark first out of 15 European countries in 
pipeline growth, with a 23 percent increase from 2006 to 2007 
in the number of drug candidates in development. 

Industry partnerships thrive at the Center for Sensory-Motor 
nteraction at Aalborg University in northern Denmark, a global 
eader in pain research. With a Center of Excellence grant from 
the Danish Research Foundation 15 years ago, Director Lars 
Arendt-Nielsen implemented a philosophy of “keeping key se- 
nior scientists as free as possible from administrative duties, 
so they can spend their energy on research projects.” Funding 
has increasingly focused on industrial partnerships, he says, so 
“over the last five years we have entered into more and more 
collaborations with industry,’ and they now work with approxi- 
mately 15 pharmaceutical companies. 

Despite his success with industry partnerships, Arendt-Niels- 
en advises balance in research funding. “Without funding for 
basic science, we do not have new fundamental knowledge 
to move into applied research projects. Basic science and ap- 
plied science must go hand in hand.” Aarhus University’s Otzen 
also warns about “a tendency of universities to bend over back- 
wards to show they can apply their research.” 

Thomas Mandrup-Poulsen, professor in medical research 
methodology, University of Copenhagen, conducts both basic 
and clinical diabetes research at the Hagedorn Research Insti- 
tute and Steno Diabetes Center. He finds “growing interest in 
industry to engage with universities to address basic research 
problems, to enhance basic knowledge of disease mecha- 
nisms.” He suggests “a way to promote basic and translational 
research at the same time, is to have Ph.D. or postdoctoral 
fellowships that require collaboration between a basic research 
institute, a clinical institute, and industry.” 


Support from the Private Sector 

Basic and applied research receive strong support from private 
science foundations in Denmark. In late 2009, the Lundbeck 
Foundation announced a grant of $6 million to establish the 
Lundbeck Foundation Nanomedicine Centre for Individualised 
Management of Tissue Damage and Regeneration, at Aarhus 
University. The goals are to apply expertise in biomedicine 
and nanotechnology to develop new methods in continued » 
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Invest in Denmark’s global team provides you with professional 


WE OPEN THE 
DOOR TO DENMARK 
THE BEST PLACE 

IN THE WORLD TO 
DO BUSINESS* 


)NOMIST INTELLIGENCE UNIT & FORBES, 2 


advice, services and connects you to the right people. 


Whether your company considers to relocate, consolidate, set 
up new production facilities, is on the lookout for new R&D 
partners or other strategic business solutions in Europe, Invest 


in Denmark is a good place to begin. 
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--% Www.investindk.com 


HEADQUARTER 


Invest in Denmark 
Ministry of Foreign 
Affairs of Denmark 
2, Asiatisk Plads 
1448 Copenhagen K 


Denmark 


Tel.: +45 33 92 11 16 


info@investindk.com 


EUROPE 


Invest in Denmark 
Ambassade Royale 
de Danemark 

77, avenue Marceau 
75116 Paris 


France 


Tel.: +33 1 4431 2193 


info@investindk.com 


NORTH AMERICA 


Invest in Denmark 
Royal Danish 
Consulate General 
885, Second Avenue, 


18th Floor New York, N.Y. 


10017, USA 


Tel.: +1 212 223 4545 


info@investindk.com 


ASIA 


Invest in Denmark 
Royal Danish Embassy 
29-6 Sarugaku-cho 
Shibuya-ku 

Tokyo 150-0033 
Japan 


Tel.: +81 3 3496 3001 


info@investindk.com 


CHINA AND INDIA 


Invest in Denmark 
Royal Danish 


Innovation Center Denmark, 


100 Qin Zhou Road, 
Room 711 

Shanghai 200235 ,China 
Tel.: +86 21 6209 0500 


info@investindk.com 
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diagnostic imaging, and tissue-specific protective and regener 
ative therapies. The Novo Nordisk Foundation (NNF) has been 
supporting research since 1926, and is a major force in Dan- 
ish science. According to Director Birgitte Nauntofte, the NNF 
wants Denmark “to be recognized internationally as a hot spot 
for health science and biotech research, and to be associated 


-~ FEATURED PARTICIPANTS 


Aalborg University 
en.aau.dk 


Lundbeck Foundation 
www.lundbeckfonden.dk/en 


Aarhus University 
www.au.dk/en 


Medicon Valley 
www.mediconvalley.com 


Ministry of Science, Tech- 
nology and Innovation 
en.vtu.dk 


Center for Sensory-Motor 
Interaction 
www.smi.auc.dk 


CureND Novo Nordisk Foundation 
www.neurocampus.au.dk/ Center for Protein Research 
menu5d5-en www.cpr.ku.dk 


Danish Cancer Society 
www.cancer.dk 


Novo Nordisk Foundation 
www.novonordiskfonden.dk/ 
en/ 

Danish National Research 
Foundation 

www.dg.dk 


Novo Nordisk 
www.novonordisk.com 


Novozymes 
www.novozymes.com 


Danish Technical University 
www.dtu.dk/English.aspx 


Statens Serum Institut 
www.ssi.dk/sw379.asp 


Exiqon 
www.exiqon.com 


Steno Diabetes Center 
www.stenodiabetescenter.com 


Hagedorn Research 

Institute 

www.hagedorn.dk 
University of Copenhagen 


Industrial Ph.D program www.ku.dk/english 


en.fi.dk/research/industrial- 
phdprogramme Wyeth (Pfizer) 
www.pfizer.com 
Invest in Denmark 


www.investindk.com 


LEO Pharmaceuticals 


with quality, seriousness, innovation, openness, and creativity.” 
Nauntofte says the NNF has had an “extremely positive experi- 
ence" funding large-scale initiatives, and “is likely to continue 
this strategy over the next couple of years.” 

The NNF recently gave protein science a boost, with $113 
million for the NNF Center for Protein Research (CPR), which 
opened in June 2009. Ulla Wewer, dean of the Faculty of 
Health Sciences at the University of Copenhagen, where the 
CPR is housed, says they are “recruiting a strong team of in- 
ternational scientists to do basic research, knowing this will 
eventually strengthen industry.” The CPR will be building up 
its staff to 150, and will use systems biology, high throughput 
protein production, and proteomics to study therapeutically rel- 
evant proteins. 

Another new initiative, co-funded by the NNF and the Danish 
Ministry of Science, Technology and Innovation, is the Danish 
Biobank at the Statens Serum Institute in Copenhagen. Mads 
Melbye, executive vice president of the institute, says they 
are cataloging approximately 15 million existing blood, tissue, 
and DNA samples from various pathology banks, and expect 
200,000 new specimens annually. Physical samples will be co- 
ordinated with the wealth of data in Danish health registries, 
which include “birth characteristics of all newborns, hospital 
and outpatient diagnoses, a registry of prescribed medications, 
and a registry of all childhood vaccinations since 1990, which 
iS unique worldwide,” says Melbye. Information can be tracked 
through generations, for inherited diseases, or by address, for 
infectious disease research. Citizens can opt out, but Melbye 
hopes that in two and a half years, aggregated population data, 
without personal information, will be available electronically to 
researchers around the world. 


Bridges Across Borders 

Julio Celis, director of the Institute of Cancer Biology for the 
Danish Cancer Society, is also distributing research information 
on an international scale. He is developing a network to link can- 
cer experts in European Union countries, explaining: “Different 
countries have niches of expertise, so instead of duplicating 
them in all countries, it's easier to connect them, so that we are 
faster in getting discoveries to the patient.” The realization that 
“cancer is complicated, and no single institute, country, or even 
continent would be able to deal with it,” led to the Stockholm 
Declaration, a commitment to join forces signed by the direc- 
tors of 18 European cancer centers. Celis says the network will 
encourage mobility of expertise, students, and data, and cre- 
ate a “single-stop shop for industry discovery programs.” The 
network structure, and pilot projects on disease prevention and 
early detection, are in the planning stages. 

Other globalization efforts are less virtual, aiming to bring 
scientists from other countries to Denmark. Nauntofte of the 
NNF says, “Denmark is a small country, so we have a limited 
pool of research talent. We must recruit highly competent for 
eign researchers, and our research groups must continued » 
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The Novo Nordisk Foundation 
Center for Protein Research 


The Novo Nordisk Foundation Center 
for Protein Research, located in central 
Copenhagen, has recently been estab- 
lished at the Faculty of Health Sciences, 
University of Copenhagen, to promote 
basic and applied discovery research 

on human proteins of medical relevance. 
The establishment of the Center, opened 
in June 2009, has been made possible 
by a donation of 116 million USD from 
the Novo Nordisk Foundation, www. 
novonordiskfonden.dk/en, and 
other significant contributions from the 
University. The Center which operates 
as an integral part of the Faculty of 
Health Sciences, has already secured 
world-class capabilities in a number 

of protein focused research areas and 
disciplines. 


The Center - covering 4,500 m? newly 
renovated facilities - comprises a wide 
range of expertise and resources, 

from in silico target identification, high 
throughput protein production and 
characterisation to chemical biology as 
well as disease systems biology, mass 
spectrometry based proteomics and 
specific research programs on ubiquitin 
modified signaling and molecular endo- 
crinology. The Center will contribute to 
the progress of translational research 
within medicine and provide fundamen- 
tal insights which can be used to pro- 
mote drug discovery and development. 
We want to establish the Center as an 
internationally competitive organisation 
focused on medically relevant proteins. 


For additional information and details, 
see www.cpr.ku.dk 
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Research Directors and Group Leaders 


We are now seeking excellent scientists to further strengthen 
our research capabilities — internationally renowned and estab- 
lished as well as promising younger scientists particularly in the 
area of protein focused disease biology. Successful candidates 
will establish research groups carrying out independent 
research of highest scientific impact and standard as well as 
work with us on integrated collaborative projects. Currently, the 
Center management team consists of Dr. Michael Sundstr6m 
(Managing Director), Professor Matthias Mann (Research 
Director, Proteomics) and Professor Soren Brunak (Research 
Director, Disease Systems Biology). 


The successful candidates should have an excellent track record, 
international reputation and documented abilities. We will prioritise 
applicants with protein focused experience in relation to human 
health and disease — such as signaling pathways, metabolism, 
protein degradation and aggregation as well as analysis of post- 
translational modifications. Our goal is to establish a highly integrated 
research environment; thus collaborative interest is essential. In 
addition, your vision on how the unique environment and resources 
at the Center will benefit your research projects will be of particular 
interest to us. Successful candidates will be offered generous start- 
up packages and competitive salaries. 


Are you interested in becoming a Group Leader or Research 
Director at the Center? 

Please send a letter of interest, including a brief CV/biography as well 
as a summary of planned future research to contact@cpr.ku.dk 
preferably before April 1st 2010. 


For additional information regarding the Center please contact 
michael.sundstrom@cpr.ku.dk. 
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UNIVERSITY OF COPENHAGEN 


Boost your Career 


in Copenhagen! 


The University of Copenhagen is Denmark's leading University, based in its capital city and one of the top institutes for ro 


research and education in Europe. The University’s four faculties of science, pharma, health and life sciences together A 


offer more than 80 degree programmes taught in English. Students can combine courses from several faculties and ff 


acquire a range of interdisciplinary skills. 


The University of Copenhagen is ranked 1st in Scandinavia and 8th in Europe on the ARWU 2009 
Academic Ranking of World Universities and is a member of IARU, the International Alliance of 


Research Universities. www.iaruni.org 


For more information about the University of Copenhagen, please see our video and 
slideshow at www.employment.ku.dk On the same webpage, you can find a list of 


vacant jobs at the University. To learn about our student programmes, 
see www.studies.ku.dk 


GET PAID AND EMBARK ON A RESEARCH CAREER! 


PhD students at The University of Copenhagen earn a monthly 


gross salary of about 4,875 USD 


www.ku.dk/english 


Grants of Excellence for Neuroscientists 


The Lundbeck Foundation hereby invites applications for two 
advanced neuroscience grants which will be awarded to excellent 
researchers with documented experience as independent leaders of 
high-quality neuroscience research groups at universities or uni- 
versity hospitals. 


The grants will be awarded for five years, and each individual grant 


amounts to 3 million Euro. 


The grants will be awarded to two internationally highly recognized 
principal investigators, who will further develop a strong research 
program within the area of neuroscience, including clinical 
neuroscience and psychiatry. The grants may well attract Danish or 
foreign researchers from abroad who wish to move to Denmark and 
continue their research here. Applicants should have an agreement 
of association or employment with a Danish university or university 
hospital to be hosted there for the grant period. 


The Lundbeck Foundation is a commercial foundation with considerable 
shareholdings in the two listed companies H. Lundbeck A/S and ALK-Abellé A/S. 
Yields from the Foundation’s capital are used, among other things, to support 
scientific research primarily within the health sciences but also the biologically 
oriented natural sciences as well as physics and chemistry. The Foundation 
distributes approx. 330 million DKK (approx. 44 mio. Euro) annually. 


The applicants will be asked to account for a research plan (max 10 
pages), collaborators, budget (may include applicant’s own salary), 
and a letter of intent from the Director/Chair of the Department/ 
Research Centre where the work will take place. In addition, the 
following should be provided: a curriculum vitae with a summary of 
previous achievements, including documentation for the applicant’s 
experience as a research leader, and a list of publications. Finally the 
applicant should ensure that 3 letters of recommendation are 
forwarded as pdf-files to the Lundbeck Foundation. 


The application, written in English, can only be submitted via the 
Foundation’s Electronic Application System for Grants of Excellence 
at www.lundbeckfonden.dk, and should be sent no later than 
28-04-2010. 


For further information, please contact Lundbeck Foundation 
Director of Research Anne-Marie Engel at tel. (+45) 39 12 80 17 or 
mail@lundbeckfonden.dk 


LUNDBECKFONDEN 


Lundbeckfonden 

Vestagervej 17, DK-2900 Hellerup 
Tel. +45 39 12 80 00 
www.lundbeckfonden.dk 
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Full Professorships 


at the Faculties of Engineering, Science and 
Medicine, Aalborg University, Denmark 
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The Faculties of Engineering, Science and Medicine 
have decided to invest in strengthening their research 
programs in basic research within selected disciplines, 
where new ground breaking results could have potentials 
for being of vital importance for new, smarter and 
sustainable solutions to globally important problems. 


The Aalborg University research environment of today 
builds on a combination of innovative disciplinary 
insight and cross disciplinary research interactions. It 

is enriched and inspired by close networking relations 
to modern knowledge intensive enterprises and nurse 
entrepreneurship among the graduate students and the 
junior research staff. 


The purpose of the new professorships is to strengthen 
the “new type” of university research environment, 
where basic research interacts closely with solution 
focused research. The aim is to create breeding ground 
for shorter time from conceptual breakthroughs to 
societal and business impact; and at the same time to 
grow the faculty with even more international level role 
models for the young researchers. Mutual inspiration 
comes as an added benefit for the scientists involved 
as well as the students and the partners. 


The positions (position no. 60030) are a part of the 
Danish Globalisation Programme and are open for 
appointment beginning June 1% 2010 or soon thereafter 
for a period of 3-5 years and will be filled in one or more 
of the following research areas: 


ICT Energy Solutions 

Physics of Nanomaterials 

Energy Storage Technologies 
Translational Pain Research 
Neurobiology and Motor Learning. 


In order to apply for this position, all applicants must 
read the complete job notice at: http://stillingeraau.dk/. 


Enquiries may be addressed to: Dean, Professor _ 
Frede Blaabjerg, by e-mail: fol@adm.aau.dk or _/ 
mobile: +45 2129 2454. ff 


Jf 


Deadline for applications is: Aprit 2010. re 
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The mission of Aalborg University (AAU) is to ensure high quality in 
research and higher education within the fields of Engineering,Natu- 
ral Sciences, Medicine and Social and Humangocences. Leading the 
way in pedagogical teaching, Aalborg University uses Problem Based 
Learning (PBL):a unique teaching model close to optimal for the 
learning process.With an annual budget around DKK 2 billion, more 
than 15,000 students, 600 Ph.D. students, more than 2,000 employ» 
ees and strong ties to industry and business life, Aalborg University. > 
has established its position as a epsiderable force within higher 


research and education both nati nally and ball “ics \ 
/ | 


DTU is a leading technical university in 
Europe. Our total staff of 4,500 is dedi- 
cated to create value and to promote 
welfare for the benefit of society 
through science and technology; and 
our 6,000 students are being trained to 
address the technological challenges 


Technical University of Denmark DTU 


of the future. While safeguarding aca- 
demic freedom and scientific indepen- 
dence we collaborate with business, 
industry, government, public agencies 
as well as other universities around 
the world. 


dtu.dk/vacancy 
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develop international collaborations.” Krogsgaard Thomsen of 
Novo Nordisk agrees, adding, “to be a little bit multicultural, a 
little bit diverse in your way of thinking, can only help creativ- 
ity." Aalborg University’s Arendt-Nielsen has always recruited 
from a global pool. “|! founded my group 25 years ago with the 
policy from day one: interdisciplinarity and internationalization.” 
Half of his 80 researchers and 75 Ph.D. students are from out- 
side the country. 

According to Prime Minister Lokke Rasmussen, “It is impor 
tant to attract scientists and specialists from other countries. 
We have made it easier in recent years to come to Denmark to 
work or study. The number of foreigners coming to work here 
has almost tripled since 2001, and the number of international 
students has doubled. This is a very positive development and 
a clear indication that Denmark is an attractive place to pursue 
a career.” 


“We have a more than 
century-old tradition of 
generating successful 
pharmaceutical 
companies and 
conducting clinical 
trials" 

— Ole Frijs-Madsen 


Danish Strengths and Challenges 
As Denmark looks to the future, several challenges must be 
met. Knowledge of English is widespread, and English is the of- 
ficial language of the Center for Sensory-Motor Interaction, and 
the corporate language of Novo Nordisk. However, the default 
language for many classes and meetings is Danish. Hajgaard 
of the University of Copenhagen says, “When we train people 
to be bioengineers or doctors in Danish, it's because, well, 
we're Danish. But that’s an obstacle to having a truly inter- 
national system. We have to acknowledge that English is the 
language of science, and develop a more bilingual system.” 
Making improvements in postdoctoral training is another 
challenge. Danish students complete Master's and Ph.D. proj- 
ects in different laboratories, and their Ph.D. training includes a 
period abroad, but professorships do not require postdoctoral 
experience. Aarhus University’s Otzen says, “The idea here is 
that when you have a Ph.D, you are a fully fledged scientist. 
But it doesn't matter if you're going into academics or indus- 
try, you need to have a postdoc period,” which he compares 
to adolescence, “where you mature and find your feet.” Aal- 
borg’s Arendt-Nielsen adds, “Over the last 10 years, a lot of 
money has gone into collaborative Ph.D. projects between uni- 
versities and industry. It is time for Denmark to also focus on 


postdoctoral education.” Mandrup-Poulsen of the University 
of Copenhagen advocates mandatory postdoctoral training to 
qualify for an assistant professorship. He also expresses “con- 
cerns about the mismatch between the number of postdoc- 
toral positions relative to the pressure to educate ever more 
Ph.D.s,” and suggests transferring funds from Ph.D. programs 
to postdoctoral grants. 

Inge Meerkedahl, director of the government's Agency for 
Science, Technology and Innovation, recognizes that “increas- 
ing the enrollment of Ph.D. students also increases the need 
to fund more postdoctoral fellowships.” She said that in addi- 
tion to annual postdoctoral funds from the Danish Council for 
Independent Research (DFF), a new source of support is the 
Sapere Aude program. “This comprehensive career program 
is being launched in 2010 by the DFF, with total funding of ap- 
proximately $72 million,” explains Linn Hoff Jensen, head of 
section at DFF. “In the first year, it expects to fund 45 post- 
docs and a minimum of 27 associate professors.” The program 
hopes “to enhance the international opportunities for excellent 
and experienced researchers, both male and female, creating 
role models to inspire younger researchers.” 

One of Denmark's strengths is its attractive work environ- 
ment. Meineche Schmidt of Aarhus University says, “The 
Danish labor market is known for high employment security 
and flexibility,” with good government support during job tran- 
sitions. “People are reasonably well paid, although the cost of 
living is also high.” The small size of Denmark, with 5.5 million 
people, is an advantage for networking. Krogsgaard Thomsen 
of Novo Nordisk says, “People may find it awkward to move 
here from a big country like the United States, but once they 
settle down they tend to like it.” 

Denmark continues to be a leader in “epidemiology, clinical 
research, and basic research directed at understanding disease 
mechanisms,” according to Mandrup-Poulsen. Celis of the Dan- 
ish Cancer Society adds, “The environment is especially good 
for translational research because of the high standards in clin- 
ics. And patients like to participate in clinical trials.” Another 
advantage to working in Denmark is 5-6 weeks of paid vaca- 
tion, although Celis says, “Most of our scientists don't take all 
the holidays!” 

Danish institutions have a flat power structure, stemming 
from the Jante Law, a social principle that says no one is bet- 
ter than anyone else. The University of Copenhagen’s Hajgaard 
says, “There is a straightforward, old Viking attitude that knowl- 
edge and competence count more than rank and title.” Aalborg 
University’s Arendt-Nielsen agrees, saying, “The only thing 
that counts is your scientific merits.” Combining the Jante Law 
with a natural pride in Denmark’s strengths, Hejgaard states, 
“It's difficult to brag about your own country, but we are doing 
well in research in Denmark.” 

Chris Tachibana is a science writer based in Seattle, USA, 
and Copenhagen, Denmark. 
DOI: 10.1126/science.opms.r1000083 
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The National Human Genome Research Institute (NHGRI), a major research component of the National Institutes of Health (NIH) and the rtment of 
Health and Human Services (DHHS), seeks to identify an outstanding Scientific Director to lead its Division of Intramural (DIR; see 
genome.gov/DIR), located in Be ja, ae. The NHGRI Scientific Director leads a basic and clinical ioeerch romans that has consistently been at 
the f it of scientific innovation, developing a variety of research approaches that have accelerated the rstanding of the molecular basis of 
human disease. The Scientific Director is responsible for an annual budget exceeding $100 million and a staff of ~550. In addition to providing scientific 
and administrative leadership of this premier research enterprise, the Scientific Director is expected to be an internationally recognized and highly 
accomplished researcher in genetics and/or genomics. 


This position offers a unique and exciting rtunity to develop and implement an overall vision for the NHGRI/DIR that is consistent with the mission 
and egy 2 objectives of the Institute. The Scientific Director is responsible for the recruitment and professional development of the NHGRI research 
noo S plays a key role in creating and maintaining a nurturing research environment that encourages creativity, collaboration among scientists 
from different disciplines, effective training of students and doctoral fellows, and efficient utilization of common resources. The ability to develop 
productive interactions among NHGRI investigators, other NIH Institutes, and the research community at large is critical, as is the ability to serve as a 
spokesperson for NHGRI/DIR research. 


Applicants must have an M.D. and/or Ph.D or erate degree in the biomedical sciences, as well as a broad knowledge of the field of human genetics 

and genomics and a compelling vision for the future of the field, including clinical applications. S/he must have proven experience in directing and 

ye 4 a scientific research program, with well-honed administrative and interpersonal skills to meet the demands of both research and program 
rection. 


Salary is competitive and will be commensurate with the candidate’s experience. A full Federal benefit package is available, including retirement, health 
and life insurance, long-term care insurance, annual and sick leave, and the Thrift Savings Plan (401K equivalent). Appropriate support for an ongoing 
independent research program will be provided. 


Interested applicants should submit a cover letter that includes a brief description of research and administrative experience, a current curriculum vitae 
and bibli , Names and contact information of five references, and a brief written vision for leading the NHGRI/DIR. Questions about the position 
and applications themselves should be sent to Ms. Ellen Rolfes via email at ellenr@exchange.nih.gov. All information provided by the candidates will 
remain confidential and will not be released outside the NHGRI search process without a signed release from the candidate. 

Applications will be reviewed starting March 1st, 2010, and will be accepted until the position is filled. 


DHHS and NIH are Eg pp 


NATIONAL HUMAN GENOME RESEARCH INSTITUTE 


U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES | NATIONAL INSTITUTES OF HEALTH | genome.gov/DIR 
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The Office of the Director (OD), National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director of the newly created Division of Program Coordination, Planning, 
and Strategic Initiatives (DPCPSI). Exceptional candidates with the scientific vision to identify innovative, high impact science and the ability to integrate research across traditional 
disciplines are encouraged to apply. 


The DPCPSI Director will serve as a Deputy Director of the NIH and report to the NIH Director. The primary responsibilities of the Division are to (1) develop innovative, high-risk 
high-reward initiatives that will have national and international impact, supported by the NIH Common Fund; (2) advise the NIH Director on issues involving trans-NIH planning, 
analysis, implementation, performance assessment, and evaluation activities; (3) develop and conduct scientific analyses relevant to NIH research portfolio analysis; and (4) coordinate 
the activities of the DPCPSI Program Offices (Office of AIDS Research; Office of Research on Women’s Health; Office of Behavioral and Social Sciences Research; Office of Disease 
Prevention; and Office of Strategic Coordination) to maximize their collective impact and to ensure that their efforts are aligned with the mission of NIH. 


The DPCPSI Director will exercise leadership, initiative, and creativity in establishing and maintaining relationships with key Federal and non-Federal officials, nationally and 
internationally recognized scientific leaders and officials of academic, research, and other institutes and organizations, and professional and advocacy groups. 


Salary is commensurate with experience; a full package of benefits (including retirement, health, life, long term care insurance, Thrift Savings Plan participation, etc.) is available. 


A Search Committee chaired by Drs. Katherine Hudson and Lawrence Tabak will review applications for this position. A detailed vacancy announcement that includes mandatory 
qualifications requirements, and application procedures may be obtained at NIH’s Executive Jobs site: http://www.jobs.nih.gov/vacancies/executive.htm, or by calling Regina 
Reiter at (301) 402-1130. Interested applicants must send a Curriculum Vitae, Bibliography, a Vision Statement, and responses to the qualifications requirements, electronically, to 
Ms. Regina Reiter, at SeniorRe@OD.NIH.GOV, 301-402-1130. If you need additional information, please contact Ms. Reiter at 301-402-1130. 


Applications must be received by close of business March 8, 2010. 


DHHS and NIH are Equal Opportunity Employers 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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2 Tenure-Track Assistant 
Professor Positions in Biophysics: 


Biology Department - Cellular Biophysics 
Physics Department - Biological Physics 


The University of Massachusetts Amherst invites applications for two tenure-track Assistant Professor positions 
to be hired as a cluster in Biophysics to start as soon as September 1, 2010. One position will be in the Biology 
Department, in Cellular Biophysics; the other will be in the Physics Department, in Biological Physics. We seek 
individuals with outstanding research, a strong commitment to teaching, and the potential to develop and 
maintain an extramurally funded research program. A Ph.D. and postdoctoral experience are required. 
Evaluation of applications for both positions will begin on February 15, 2010 and continue until the positions 
are filled. Positions will be filled contingent upon University funding. 

Assistant Professor of Biology. The Biology Department (www.bio.umass.edu) seeks a well-trained 
biologist who employs biophysical techniques to study cellular or tissue function. Research areas might include, 
but are not limited to, the investigation of biophysical properties of excitable cells, including membrane 
biophysics. Electrophysiological approaches that are combined with imaging and/or genetic techniques are of 
particular interest. The successful candidate would have a primary appointment in the Biology Department and 
would interact with a growing number of biophysics research groups across campus. The UMass Amherst 
Biology Department provides a broad and interactive research environment, with faculty research spanning all 
levels of biological organization. Especially strong research clusters focus on Neural Development, Cell Biology, 
Plant Biology, Functional Morphology, and Evolution. Application materials should include a curriculum vita, 
research plan, teaching statement and 3 letters of recommendation. Paper applications can be sent to: 

Biology Biophysics Search #R38398, Biology Department, Attn: Karen Nelson, 611 North Pleasant Street, 
University of Massachusetts, Amherst, MA 01003. Alternatively, application materials may be sent via email 
to Bio-BiophysicsSearch@bio.umass.edu 

Assistant Professor of Physics. The Physics Department (www.physics.umass.edu) is committed to 
expanding its Biological Physics group, which currently includes three faculty members and substantial newly 
renovated laboratory space and facilities. The Department also has a strong condensed matter group, with 
emphasis on both hard and soft matter. We seek a physicist who will employ the methods and ideas of physics 
to investigate biological systems and processes. The research area should complement ongoing work in the 
department and have synergy with biophysics research groups in the Biology, Biochemistry and Molecular 
Biology, and/or Chemistry Departments. The Physics Department currently has programs in single molecule 
imaging and manipulation, the dynamics of molecular motors and the cytoskeleton, membrane biophysics, and 
investigation of forces between biomolecules. Applicants should submit a letter of application, a CV, and a 
statement of research and teaching, as well as arranging to have three letters of reference sent to: Biological 
Physics Search, #R36982, Physics Department, 710 North Pleasant St., University of Massachusetts, 

Amherst, MA 01003. Alternatively, application materials may be sent to search@physics.umass.edu 

The University is part of the Five-College Consortium (www.fivecolleges.edu) in the Pioneer Valley in western 
Massachusetts, two hours from Boston and three hours from New York City. The University provides an 
intellectual environment committed to providing academic excellence and diversity including mentoring 
programs for faculty. The College of Natural Sciences and the Physics and Biology Departments are committed 
to increasing the diversity of the faculty, student body and the curriculum. We strongly encourage women and 
members GP nctone groups to apply. The University of Massachusetts is an Affirmative Action/Equal 
Opportunity Employer. 


THE UNIVERSITY OF HONG KONG 


- ———— tz  !' 


Founded in 1911, The University of Hong Kong is committed to the highest international standards of excellence in 
teaching and research, and has been at the international forefront of academic scholarship for many years. Ranked 24th 
among the top 200 universities in the world by the UK’s Times Higher Education, the University has a comprehensive 
range of study programmes and research disciplines spread across 10 faculties and about 100 sub-divisions of studies 
and learning. There are over 23,400 undergraduate and postgraduate students coming from 50 countries, and more than 
1,200 members of academic and academic-related staff, many of whom are internationally renowned. 


Assistant Professor in the Department of Pharmacology and Pharmacy 
(Ref.: RF-2009/2010-328) 


Applications are invited for appointment as Assistant Professor in the Department of Pharmacology and Pharmacy, from 
November 2010 or as soon as possible thereafter, on a three-year fixed-term basis, with the possibility of renewal. The 
appointee who has demonstrated sustained strong performance will be considered for tenure after satisfactory completion 
of a second fixed-term contract. 


Applicants should possess a Ph.D., Pharm.D. or an equivalent qualification; and have teaching experience in Pharmacology 
and pharmacy practice at the undergraduate and/or postgraduate levels. Those with working experience in curriculum 
planning in tertiary education and a good track record in research and scholarly activities would have an advantage. The 
appointee will contribute to teaching and the curriculum development of the pharmacy programme. He/She is expected 
to establish a research programme in an area complementary to the major research interest in Vascular Biology of the 
Department. Further information about the Department can be obtained at http://www3.hku.hk/pharma/current/. 


Annual salary for Assistant Professorship will be in the range of HK$504,480 - 779,640 (approximately 
US$1 = HK$7.8) (subject to review from time to time at the entire discretion of the University). At current rates, 
salaries tax does not exceed 15% of gross income. The appointment will attract a contract-end gratuity and 
University contribution to a retirement benefits scheme, totalling up to 15% of basic salary, as well as leave, 
and medical/dental benefits. Housing benefits will be provided as applicable. 


Further particulars and application forms (152/708) can be obtained at http://(www.hku.hk/apptunit/; or from the 
Appointments Unit (Senior), Human Resource Section, Registry, The University of Hong Kong, Hong Kong (fax (852) 
2540 6735 or 2559 2058; e-mail: senrappt@hku.hk). Closes March 15, 2010. Candidates who are not contacted within 
3 months of the closing date may consider their applications unsuccessful. 


The University is an equal opportunity employer and is committed to a No-Smoking Policy 
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The University of Freiburg invites 
applications for the 


Research Group Programme - 
Call for Proposals 2010 


The University of Freiburg 
(www.unifreiburg.de) has been 
awarded for its 
institutional research strategy by the German 
Excellence Initiative. As part of this strategy, 
the Research Group Programme provides 
funding for frontier research in emerging 
research areas. With this programme the 
University of Freiburg intends to establish 
two new research groups in autumn 2010 
and invites applications of highly qualified 
young investigators at postdoctoral level. 
Project proposals in all fields of research 
are eligible. Disciplines or research areas 
that are not yet represented at the Freiburg 
Institute for Advanced Studies (www. 
frias.uni-freiburg.de) will receive special 
attention. Future research should broaden 
and further strengthen existing research 
portfolios at the University of Freiburg 
and enhance the linkages to national 
and international research institutions 
and facilities. We are looking for young 
external candidates who have completed 
their doctoral studies with distinction 
and who have already demonstrated 
exceptional ability in research with an 
outstanding track record. The successful 
applicant is expected to build a strong 
junior research group and be experienced 
in acquiring external funding. Applications 
of highly qualified female researchers are 
particularly welcome. The group leader 
shall be appointed assistant professor (“W1 
Juniorprofessur”) with tenure track option. 
Asuccessful female candidate can be offered 
the Bertha-Ottenstein-Professorship, in 
recognition of the first woman who earned 
professorial lecturing qualification in 
Freiburg. Funding of the research group 
will be provided by means of the German 
Excellence Initiative. The initial appointment 
will be for four years and can be extended 
to six years following successful evaluation. 
Applications including a cover letter, 
research proposal with envisaged local 
collaborators and institutions (15 pages 
maximum including an executive summary), 
a curriculum vitae with publication record, 
a description of prior research and research 
interests, as well as details of experience and 
interest in outreach should be sent directly 
to RG2010.ResearchGroupProgramme@ 
pr-uni-freiburg.de. Applicants should also 
arrange for two or three references sent 
to the same address. Informal enquiries 
relating to this post may be directed to Dr. 
Frank Kriiger, Science Support Centre (info. 


ResearchGroupProgramme@prunifreiburgde). 


Closing date for applications and references 
is 28 February 2010. Interviews will be held 
over 1 and 2 June 2010. Further information 
will be available at 


http://www.uni-freiburg.de/ 
universitaet-en/exzellenz/ 
exzellenzinitiative-en. 


Technology Solutions for Healthcare and Life Sciences 


aper Labora ing research and development 
ganization red i idge, MA has established a 
gineering i South Florida campus in Tampa, 
ida. Drap g ive, self motivated R&D professionals 
ith a passio ive, sciplinary development of advanced 
edical and lifesci : ntly applying our signature 
ologies i , micr ics, and data analysis to solve medical 
biologica ilitar civilian customers. Working with 
partners i isi i ent, Draper is helping to establish 
advance ioeng ing e sciences in Florida while 
ibuting to ad i @. 


it ioengineering Center: 
incipal Investigator - Opti ging ob ID# 2683 
incipal Investigator - Medi ice ob ID# 2681 


If interested in these opportunities, please go to 

http/ /www.draper.com/careers/overview.html. 

Enter in the appropriate Job ID # to apply. 

Applicants should be U.S. citizens or permanent residents. EEO/AA Employer 


DRAPER Innovations in Engineering 


CNRM 


CENTER FOR NEUROSCIENCE AND REGENERATIVE MEDICINE 


The CNRM is a collaborative intramural federal research program 
involving the U.S. Department of Defense and the National 
Institutes of Health joining clinicians and scientists across 
disciplines to catalyze innovative approaches to traumatic brain 
injury (TBI) research. CNRM is supporting new faculty positions 
at the Uniformed Services University of the Health Sciences, 
which heads the operations of the CNRM (www.usulis. mil/cnrm). 

Ssh 
TBI Clinical Research Faculty 
Open Rank (tenure track) AD-0602-00 (Neurology/CNRM) 


TBI Neuropathology Faculty 
Open Rank (tenure track) AD-0602-00 (Pathology/CNRM) 


TBI Nurse Researcher Faculty 
Assistant Professor (tenure track) AD-0610-00 
(Graduate School of Nursing/CNRM) 


Information online: http:/www.usuhs.mil/chr/vacancies_faculty.htm 


The Uniformed Services University is an equal opportunity employer 


The CNRM TBI research programs have an emphasis on aspects 
of high relevance to the military populations, with a primary focus 
on patients at Walter Reed and National Naval Medical Centers. 


Ra A Catalyst For Brain Injury Research a 
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Medicines for Malaria Venture 


Medicines for Malaria Venture (MMV) 
8th CALL FOR LETTERS OF INTEREST 


Medicines for Malaria Venture is a not-for- 
profit Organization committed to the discovery, 
development and delivery of affordable anti-malarial 
drugs through public-private partnerships. We are 
looking towards the next generation of molecules 
which will power the agenda for the eradication of 
Malaria. 


Three areas are highlighted: 

(a) The development of new medicines to produce 
a radical cure by targeting the hypnozoite stages 
of Plasmodium vivax, (b) New medicines that in 
addition to working on the erythrocyte stages will 
also have activity against gametocytes therefore 
playing a role in transmission blocking and (c) The 
development of new Combination Therapies for 
uncomplicated malaria not involving Artemisinin 
or endoperoxides. 


Discovery projects will be considered assuming they 
have reached the early Lead stage. (Compounds 
with an EC50<100nM in the infected Plasmodium 
falciparum erythrocyte assay, selectivity to a 


mammalian cell line and demonstrated oral 
bioavailability and in vivo oral efficacy in a rodent 
malaria model). We are particularly interested 
in molecules with predicted long half-lives in 
humans, or with effects on transmission blocking, 
or molecules targeting the hypnozoite forms of 
Plasmodium vivax. 

Projects in clinical development are especially 
welcome. Medicines or new combinations with 
potential for development of new combination 
therapies, or target radical cure of Plasmodium 
vivax or transmission blocking are encouraged. 
Formulation developments that decrease the 
treatment period of Primaquine, or increases 
safety in G6PD deficient patients are a key priority. 
Applications may be from single institutions or 
partnerships between academic centers and 
pharmaceutical companies. 


The initial application should be by sending a letter 
of interest on the specified template of no more than 
three pages electronically to 


Dr. lan Bathurst 
E-mail: proposals@mmv.org 


Applications should reach MMV by 
March 16th 2010. 
More details of the call can be found at 


www.mmv.org 
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ETH 


Eidgendssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Professor or Assistant Professor (Tenure Track) 
of Observational / Experimental Astrophysics 


The Institute for Astronomy at ETH Zurich (www.phys.ethz.ch) invites applications for a 
professorship in Observational/Experimental Astrophysics. The new professor is expected 
to develop an outstanding research program in observational or experimental astro- 
physics, which may include the leadership of observational programs on major 
facilities, the development of advanced instrumentation, or the phenomenological 
modeling of data. The primary criterion is either demonstrated or potential excellence 
in research and teaching, rather than a particular scientific field. The Chair comes with 
sufficient resources to establish a significant research group. Teaching responsibilities 
include courses in introductory physics and more advanced courses in astrophysics. The 
new professor will be expected to teach undergraduate level courses (German or English) 
and graduate level courses (English).The appointment will be at a level commensurate 


with experience. 


Assistant professorships have been established to promote the careers of younger 
scientists. The initial appointment is for four years with the possibility of renewal for an 


additional two-year period and promotion to a permanent position. 


Please submit your application together with a curriculum vitae and a list of publications 
and a brief statement of present and future research interests to the President of ETH 
Zurich, Prof. Dr. Ralph Eichler, ETH Zurich, Raemistrasse 101, 8092 Zurich, Switzerland Dr. 
(or via e-mail to faculty-recruiting@sl.ethz.ch), no later than April 30, 2010. With a view 
toward increasing the number of female professors, ETH Zurich specifically encourages 


qualified female candidates to apply. 


Grant opportunities 
for Russian scientists 
living abroad 


The Federal Agency of Science 
and Innovation of Russia is 
inviting members of the 
Russian scientific diaspora to 
participate in Federal Program 
“Human capital for science 
and education in innovative 
Russia”. Russian scientists 
living abroad and willing to 
direct research projects of 
resident Russian scientific 
groups are invited to take 
part in a grant competition 
for the 2010-2011 round of 
the Program. 


For more information, please 
consult the Agency site 
http: //fcpk.ru. 


Questions regarding the 
Program can be directed to 
Dmitry Bugreev at: 
dbugreev@inkk.ru, +7-495- 
951-79-10. 


www.ox.ac.uk/jobs 


OXFORD 


Post Doctoral Research Assistant 
in Tropical Carbon Dynamics, 


Junior Research Fellowship 
in Tropical Forest Science, 


Oriel College 
£28,839 - £30,594 p.a. 


School of Geography and the Environment, 
Environmental Change Institute 


Applications are invited for a post-doctoral research associate to work 
on implementing studies of carbon allocation and cycling at forest sites 
across the Amazon and Andes region. This is a 30 month contract 
commencing March 2010 or soon thereafter, based at ECI, School of 
Geography and the Environment, University of Oxford. 


The post involves close collaboration with partners in the University 
of Umea (Sweden), University of Leeds, and across South America, 
including fieldwork to conduct long-term studies of above and below 
ground productivity, autotrophic respiration and microclimate at six sites 
across the Amazon Basin (in Peru, Bolivia and Brazil). 


A PhD in a quantitative environmental science, experience of tropical 
forest fieldwork, proficiency in Spanish or Portuguese, or ability to become 
proficient, excellent field leadership, high level of organisation, self- 
discipline, communication and mentoring skills are essential. 


For further information see http://www.geog.ox.ac.uk/news/jobs/ or 
contact the HR Office on tel: 01865 285082. For informal enquiries, 
contact Prof Yadvinder Malhi (yadvinder.malhi@ouce.ox.ac.uk). 


Closing date: 12 February 2010. Interviews in late February 2010. 


Committed to equality and valuing diversity 


re YX FC yR D www.ox.ac.uk/jobs 
University Lecturer 
in Conservation Biology 


Mathematical, Physical and Life Sciences Division 


Department of Zoology in association with 
Somerville College 


The Department of Zoology proposes to appoint a University Lecturer in 
Conservation Biology with effect from 1 September 2010 or as soon as 
possible thereafter. The successful candidate will be offered a Tutorial 
Fellowship by Somerville College, under arrangements described in 
the further particulars. The combined University and College salary will 
be on a scale up to £56,917 per annum. The College will provide an 
additional housing allowance of £7,100 per annum. 


The successful candidate will have a strong background in conservation 
biology, including a doctorate (PhD or equivalent) in a cognate area. 
Duties of the post are to lead a research programme and research 
group in conservation biology; to give undergraduate lectures and 
tutorials; and to carry out examining and administrative duties in the 
Department and the College. 


Informal enquiries can be sent to paul.harvey@zoo.ox.ac.uk 


Further particulars can be downloaded from http:/Awww.zoo.ox.ac.uk/jobs 
or are available from the Personnel Office,Department of Zoology, 
South Parks Road, Oxford OX1 3PS, telephone: 01865 271190, 
e-mail: recruit@zoo.ox.ac.ukApplications, together with a CV and contact 
details of three referees, should be sent to the above address quoting 
reference number AT09043. The closing date for receipt of applications is 
15 February 2010. 


Committed to equality and valuing diversity 


PRINCETON 


Neuroscience 


INSTITUTE 


C V Starr Foundation Fellowships in Neuroscience 


The Princeton Neuroscience Institute (PNI) at Princeton University is 
looking to fill one or two CV Starr Fellowships in Neuroscience. PNI 
is a newly formed unit at Princeton that focuses on interdisciplinary 
research in neuroscience, spanning from molecular, cellular and genetic 
approaches to systems and human cognitive neuroscience. PNI houses 
state of the art facilities for experimental research in all of these areas, as 
well as advanced computational resources that support its emphasis on 
theoretical and quantitative approaches to neuroscience. 


PNI aims to recruit and support one or two exceptional individuals who 
are expecting or have recently obtained a PhD degree in neuroscience or 
areas relevant to neuroscience (molecular biology, psychology, computer 
science, engineering, physics, or mathematics). 


The program provides a generous salary and an annual research budget. 
Fellows are not expected to apply for outside funding. Independent 
research is typically carried out under the mentorship of one or more 
core faculty members in the Institute, although those who wish to pursue 
a specific independent research program will also be considered. 


For more information about the Institute, see http://www.princeton.edu/ 
neuroscience/. 


Applications should be submitted online at http://jobs.princeton.edu 
under Req #0900612. Candidates must submit a CV, a list of publications, 
a statement of research interests and goals, and the contact information for 
three references. References will be contacted directly. Finalists will be 
invited to Princeton to present a talk concerning their current research. 


Princeton University is an Equal Opportunity Employer and 
complies with applicable EEO and Affirmative Action regulations. 
For general application information and how to self identify, see 
http://www princeton.edu/dof/ApplicantsInfo.htm. 


Director, Climate and Environmental Sciences Division, 
Office of Biological and Environmental Research, Office 
of Science, U.S. Department of Energy 


The U.S. Department of Energy, Office of Science, Office of Biological and 
Environmental Research (BER), is seeking a Director of the Climate and 
Environmental Sciences Division. BER advances world-class biological, 
climatic, and environmental research programs and scientific facilities for 
DOE mission needs in energy, environment, and basic research. The Climate 
and Environmental Sciences Division supports a broad research portfolio in 
multidisciplinary and interdisciplinary science including atmospheric systems 
research, environmental system science, and climate and Earth system model- 
ing. The Division Director also supports two state-of-the-art scientific user 
facilities: the Atmospheric Radiation Measurement Climate Research Facility 
and the Environmental Molecular Sciences Laboratory. The Director leads a 
group of 15 program managers and support staff with a budget of over $250 
million. The Director is involved in strategic planning, multi-year program 
planning and implementation, and budgeting. The position is within the Senior 
Executive Service, with a salary range of $117,787 to $177,000. 


The job announcement, which closes February 23, 2010, is advertised as 
either a biologist or a physical scientist. For further information about this 
position and the instructions on how to apply and submit an application, please 
go to the following urls: 

Physical Scientists and Engineers should apply at the following url: 
http://jobview.usajobs.gov/GetJob.aspx? JobID=85147660&JobTitle= 
Director%2c+Climate+and+Environmental+Sciences+Division&q=09- 
SES-SC-HQ-001+(cg)&sort=rv%2c-dtex&cn=&rad_units=miles&brd 
=3876&pp=50&jbf565=1 & vw=d& re=134& FedEmp=N&FedPub=Y& 
caller=ses.aspx& AVSDM=2009-12-16+00%3a03%3a00 


Biologists and Ecologists should apply at the following url: 
http://jobview.usajobs.gov/GetJob.aspx? JobID=85147678&JobTitle= 
Director%2c+Climate+and+Environmental+Sciences+Division&q=09- 
SES-SC-HQ-002+(cg)&sort=rv%2c-dtex&cn=&rad_units=miles&brd 
=3876&pp=50&jbf565=1 & vw=d&re=134& FedEmp=N&FedPub=Y & 
caller=ses.aspx& AVSDM=2009-12-16+00%3a03%3a00 


It is imperative that you follow the instructions as stated on the announce- 
ment (09-DE-SC-HQ-065 (cg)). To be considered for this position, you must 
apply online. 


&3 Washington University in St.Louis 


Multiple Tenure-track/Tenured Faculty 
Positions 


The Department of Computer Science and Engineering (CSE) and the 
School of Medicine (WUSM) are jointly searching for multiple tenure- 
track faculty members with outstanding records of computing research 
and a serious interest in collaborative research on problems related to 
biology and/or medicine. Appointments may be made wholly within 
CSE or jointly with the Departments of Medicine, Genetics, or Patho- 
logy and Immunology. 


CSE and WUSM have a long-term strategic commitment to integrating 
computing and science. As part of that commitment, we expect to make 
synergistic hires with a combined research portfolio spanning the range 
from fundamental computer science/engineering to applied research 
focused on science or medicine. Specific areas of interest include, but 
are not limited to: 


Analysis of complex genetic, genomic, proteomic, and metabolomic 
datasets; 

Algorithms for statistical genetics including genome-wide association 
studies; 

Molecular systems biology and pathway/network modeling; 
Databases or data mining applied to medical records; 

Natural language processing with the potential for biomedical 
applications; 

Computer engineering with applications to medicine or the natural 
sciences; 

Wireless sensor networks with medical applications; 

Visualization with the potential for biomedical applications; 
Theory/Algorithms with the potential for biomedical applications; 
All areas of medical informatics, clinical or public-health 
informatics; 

All areas of computational biology and biomedical informatics 


These positions will continue a successful, ongoing strategy of col- 
laborative research between CSE and the School of Medicine, which 
is consistently ranked among the top 3 medical schools in the United 
States. CSE seeks to build on and complement its strengths in biological 
sequence analysis, biomedical image analysis, and biomedical applica- 
tions of novel computing architectures. 


Washington University is a private university with roughly 6,000 full- 
time undergraduates and 6,000 graduate students. It has one of the most 
attractive university campuses anywhere and is adjacent to one of the 
nation’s largest urban parks, in the heart of a vibrant metropolitan area. 
St. Louis is a wonderful place to live, providing access to a wealth of 
cultural and entertainment opportunities without the everyday hassles 
of the largest cities. 


We anticipate appointments at the rank of Assistant Professor; however, 
in the case of exceptionally qualified candidates appointments at any rank 
may be considered. Applicants must have a Ph.D. in computer science, 
computer engineering, electrical engineering, biomedical engineering, 
computational biology, biomedical informatics, statistical genetics, or a 
closely related quantitative field and a record of excellence in teaching 
and research appropriate to the appointment level. The selected can- 
didate is expected to build an externally-supported research program, 
teach and mentor students at the graduate and undergraduate levels, 
and foster interdisciplinary interactions with colleagues throughout the 
university. Candidates who would contribute to enhancing diversity at 
the departmental and university levels are strongly encouraged to apply. 
Applications from academic couples are welcomed and encouraged. 


Qualified applicants should submit a complete application (cover letter, 
curriculum vitae, research statement, teaching statement, and names of at 
least three references) electronically by following the directions provided 
at http://cse-wusm-faculty-search.wustl.edu. Other communications 
may be directed to Prof. Michael Brent, Department of Computer 
Science and Engineering, Campus Box 1045, Washington University, 
One Brookings Drive, St. Louis, MO 63130-4899. 


Applications submitted before January 31, 2010 will receive full 
consideration. 


Washington University is an 
Equal Opportunity/Affirmative Action Employer. 
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EVMS 


Eastern Virginia Medical School 


Scientific Director—Glennan Center for 
Geriatrics and Palliative Care 


EVMS seeks applications for the position of Scientific Director of the Glen- 
nan Center for Geriatrics and Palliative Care with a faculty appointment 
in the Department of Internal Medicine at the level of associate professor 
or professor. Candidates should have an MD or PhD degree, must have 
demonstrated excellence in research and possess exceptional leadership 
qualities. The Director will have the opportunity to lead a prominent center, 
emphasizing excellence in research and teaching related to aspects of aging 
and palliative care. EVMS is undergoing a significant expansion in the areas 
of basic and translational research. There are significant resources available, 
including excellent laboratory space, an endowed professorship, and other 
support for the program. 


The Glennan Center for Geriatrics and Palliative Care has gained national 
and international recognition for excellence in immunology, driving and 
cognition in the context of aging research. The program is ranked in the 
top 50 in the latest US News and World Report ranking. The Center is also 
a leader in clinical care, providing innovative services to meet the special 
health care needs of older adults across a full range of practice settings from 
independent living to assisted living, long-term care, palliative care, and 
hospital care. The Center offers a comprehensive program for clinicians and 
scientists that provide training in geriatrics, palliative care and gerontology 
for medical students, residents, fellows, other health care professionals and 
junior faculty members. Excellent collaboration is available with the basic 
science departments and affiliated Universities in the region. 


Eastern Virginia Medical School is located in coastal southeastern Virginia 
in the nation’s 27" largest metropolitan statistical area. The region offers 
premier waterfront communities, large beaches, excellent golf, tennis, sailing 
and other recreational opportunities, and top ranked schools. 


Please send a letter of interest including current curriculum vitae to the Execu- 
tive Search Committee by e-mail at execcomm@evms.edu. 


AA-EOE. 


The University of Massachusetts 
Amherst 


The Department of Microbiology invites applications from Ph.D.-level 
scientists for a tenure-track position at the level of ASSISTANT PRO- 
FESSOR. We seek candidates taking innovative approaches related to basic 
and applied microbiology. We are particularly interested in candidates that 
complement ongoing programs within The Institute of Massachusetts Bio- 
fuels Research (TIMBR) and the Institute of Cellular Engineering (ICE), 
an interdisciplinary group of biologists, chemists and engineers focused on 
renewable energy. The successful candidate will have access to students 
from several interdepartmental graduate programs, training grants and will 
participate in teaching at both undergraduate and graduate levels. 


Applicants should send a curriculum vitae, a statement of research and 
teaching interests, reprints of recent publications, and at least three letters 
of recommendation to: 
Chair of Microbiology Search Committee 
Department of Microbiology 
University of Massachusetts 
N203 Morrill IV North 
Amherst, MA 01003 
microbio-dept@microbio.umass.edu 


The search committee will begin reviewing applications on March 1, 2010 
and will continue until the position is filled. Hiring is contingent upon the 
availability of funds. The Five College Consortium, comprised of Smith 
College, Amherst College, Mount Holyoke College, Hampshire College, 
and the University of Massachusetts Amherst, provides an intellectual 
environment committed to providing academic excellence and diversity 
including mentoring programs for faculty. The College and the Department 
are committed to increasing the diversity of the faculty, student body and 
the curriculum. 


The University of Massachusetts is an Affirmative Action/ 
Equal Opportunity Employer. Women and members of minority 
groups are encouraged to apply. 


SYNTHETIC BIOLOGY POSTDOCTORAL 
FELLOWSHIP (SBPF) 


Nanyang Technological 


NANYANG 


University k@E%:) TECHNOLOGICAL 
University of California, iY UNIVERSITY 
Berkeley WS 


Nanyang Technological University and University of California, Berkeley are 
jointly offering Synthetic Biology Postdoctoral Fellowship (SBPF) to outstanding 
graduate research scientists at postdoctoral level to support their full-time research 
efforts. SBPF provides a unique educational and research opportunity for highly 
qualified, doctoral scientists to advance their scholarship in synthetic biology at 
Nanyang Technological University, and in Professor Jay Keasling’s laboratory at 
University of California, Berkeley (http://cheme.berkeley.edu/faculty/keasling). 
Upon successful completion of the program, outstanding fellows may be considered 
for a tenure-track faculty position at the School of Chemical and Biomedical Engineering, 
Nanyang Technological University. 


Synthetic biology is the engineering and manipulation of microorganisms to contain 
multiple genes so as to enable them to work together for the production of a desired 
product. Compared to synthetic chemistry, synthetic biology can potentially produce a 
chemical, such as a drug, much more quickly, in few steps, economically and with 
less toxic waste products. Synthetic biology is envisioned to be able to produce 
myriad compounds applicable such as drugs, biofuels, smart biomaterials, implantable 
continuous biosensors, and therapeutic vectors. In particular, SBPF’s research projects 
will focus on, but not limited to, engineering microbes to produce valuable fuels and 
developing foundational tools for synthetic biology. 


The fellowships are tenable for up to 3 years. Successful applicants will be offered 
attractive remuneration packages. Airfare and additional subsistence allowance will 
be provided during the research attachment at University of California, Berkeley. 
The fellowships are awarded based on previous academic and research 
accomplishments. 


Interested, qualified applicants are invited to fill out the application form 
obtainable from http://www.ntu.edu.sg/ohr/Career/CurrentOpenings/ 
ResearchOpenings/Documents/Researchform.doc. The completed 
application form with detailed curriculum vitae, sample research publications, supporting 
documents (e.g. degree certificates and transcripts), and three references may be 
submitted by email to: 


Professor Chi Bun Ching 
Nanyang Technological University 
School of Chemical and Biomedical Engineering 
Block N1.2-1-10, 62 Nanyang Drive, Singapore 637459 
Email: CBChing@ntu.edu.sg 
Phone: +65-6790-6731 
Fax: +65-6794-9220 
www.ntu.edu.sg 
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Research Position at ICYS, NIMS, Japan 


The International Center for Young Scientists (ICYS) of the 
National Institute for Materials Science (NIMS) is now seeking 
a few researchers. Successful applicants are expected to pursue 
innovative research on broad aspects of materials science using 
most advanced facilities in NIMS (http://www.nims.go.jp/eng/ 
index.html). 


In the ICYS, we offer a special environment that enables young 
scientists to work independently based on their own idea and 
initiatives. All management and scientific discussions will be 
conducted in English. An annual salary between 5.03 and 
5.35 million yen (level of 2009) will be offered depending on 


qualification and experience. The basic contract term is two 
years and may be renewed to one additional year depending on 
the person’s performance. A research grant of 2 million yen per 
year will be supplied to the ICYS researcher. 


All applicants must have obtained a PhD degree within the last ten 
years. Applicants should submit an application form, which can be 
downloaded from our web site, together with a resume (CV) and 
alist of publications. A research proposal on an interdisciplinary 
or integrated area related to the materials science should also 
be submitted. The application letter should reach the following 
address via e-mail or air mail by March 31, 2010. Visit our website 
for more details (http://www.nims.go.jp/icys/newicys/). 


ICYS Administrative Office, 
National Institute for Materials Science 
Sengen 1-2-1, Tsukuba, Ibaraki 305-0047, Japan 
E-mail: icys-recruit@nims.go.jp 


aN Postdoctoral Fellowships 
‘ Available 


The Lombardi Comprehensive Cancer 
Center at Georgetown University, 
a multidisciplinary NCI-designated 
cancer research center, is currently recruiting 
postdoctoral fellows into positions funded by an 
NCI training grant. The goal is to develop strong 
basic and translational scientists with an interest 
in cancer research. Successful applicants will 
choose a mentor from an interdisciplinary group 
of investigators who are committed to cancer = 
research. Research programs include: 
The role of growth factor signal pathways (| n 
The development of hormone and drug 
insensitivity 
The genetic and molecular mechanisms of 
malignant progression 
Invasion metastasis angiogenesis 
Stem cells in cancer 
Development of novel immunological and 
anticancer therapies deli 
The etiology of cancer, biomarkers, and ’ 
molecular epidemiology 
Bioinformatics and cancer 


march 8-9, 2010 
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Go to http://lombardi.georgetown.edu/ 
education/TBio/postdoc.html for further 
information. 


Salary is competitive and commensurate with 
qualifications and experience. Applicants 
should send curriculum vitae, a short statement 
of research interests and career goals, and the 
names and addresses of three references to Karen 
Shepherd at bivinsk@georgetown.edu. 


Minorities and women are strongly encouraged 
to apply. US citizenship or permanent residency 
is required. 


LONDON SCHOOL OF HYGIENE 
& TROPICAL MEDICINE 


Director of the School 


The London School of Hygiene & Tropical Medicine is seeking to 
appoint a Director, the head of the institution, in succession to 
Professor Sir Andrew Haines. 


The mission of the School, an independent UK Higher Education Institution, 
is to contribute to the improvement of health worldwide through the 
pursuit of excellence in research, postgraduate teaching, and advanced 
training in national and international public health and tropical medicine, 
and through informing policy and practice in these areas. 


The Director is the Chief Executive Officer of the School and is 
responsible to the Council for its academic, financial and 

administrative affairs. The School is enjoying a period of particular 
success with its research and teaching programmes attracting 
international accolade for their breadth, depth and quality. The Council is 
seeking to identify an outstanding candidate with the ability to develop 
strategy and gain support for its implementation, and with the capacity 
and vision to provide energetic leadership in a global institution in a 
challenging health-related higher education environment. They will have 
experience of successful management at a senior level and an 
internationally recognised academic record. 


Detailed information about this position, the School and application 
requirements may be obtained from the Secretary & Registrar, 
London School of Hygiene & Tropical Medicine, Keppel Street 
London WC1E 7HT; telephone +44 (0)20 7927 2277; 

fax: +44 (0)20 7636 7679; e-mail: ruth.kipling@Ishtm.ac.uk 

to whom applications should be submitted by 

Friday 12 February 2010. The reference for this post 

is TL-1. 

The London School of Hygiene & Tropical 
Medicine is committed to being an equal 
opportunities employer. 
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‘tne GENE CENTER MUNICH 


MAXIPULIARS- 
UM WwERSITAT 
mONC HEN 


The Gene Center and the Department of Biochemistry at the University 
of Munich (LMU) invite applications for the position of a 


W2-Professorship for Biochemistry 
(tenure-track, initially for 6 years) 


Candidates must have an outstanding record of internationally recognized 
research accomplishments in Cellular Biochemistry, ideally with a research 
emphasis on the molecular mechanism of genome expression and 
maintenance in S. cerevisiae. The research group is expected to contribute 
to the establishment of molecular systems biology at the LMU and to 
participate in the national cluster of excellence ,,Center for Integrated 
Protein Science Munich“ (CIPSM). 


Candidates are expected to conduct an independent research program that 
complements existing research efforts, to obtain extramural funding, and 
to participate in the innovative teaching program of the Center (lectures 
may be given in English). Primary selection criteria are research excellence, 
teaching ability and potential for scientific interactions. The Gene Center 
offers a stimulating and interdisciplinary research environment, and is 
committed to expand the research focus in the above area. 


The tenure-track position is initially for six years and can be converted to 
tenure pending a positive evaluation after a minimum of three years. In 
exceptional cases, a tenured position can be offered directly. 


The University of Munich seeks to increase the participation of women 
in research and teaching and invites qualified women to apply. The LMU 
offers a Dual Career Service. Handicapped candidates with identical 
qualifications will be given preference. 


Applicants should submit a curriculum vitae including a list of publications, 
aresearch summary with up to five relevant publications, and asummary 
of teaching activities in printed form before February 15, 2010 to: 
Dekan der Fakultat fiir Chemie und Pharmazie, Prof. Dr. Martin Biel, 
Ludwig-Maximilians-Universitat, Butenandtstr. 5-13, 81377 Munich, 
Germany 
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In America today, 1 in 3 individuals does not accept evolution: That’s why AAAS continues to play an important 
role in the effort to protect the integrity of science education. AAAS is hard at work ensuring that evolution 


continues to be taught in science classrooms, but we need your help. n\ 
Join us. Together we can make a difference. aaas.org/plusyou/evolution AAAS i U a os 


+ Pew Research Center for the People & the Press. May 2009, General Public Science Survey. 


Evolution 


Historically Black Colleges and Universities (HBCUs) increase the number of underrepresented ethnic 

minorities qualified for education and research in science, technology, engineering, and mathematics 

HBCU-UP National (STEM). AAAS partners with NSF to host a national gathering that highlights undergraduate student 
Research Conference research to enhance the quality of STEM education. And this is just one of the ways that AAAS is committed 


to advancing science to support a healthy and prosperous world. ny 
Join us. Together we can make a difference. aaas.org/plusyou/hbcuup // AAAS 23 U es TAN 


AWARDS 


HUMAN FRONTIER SCIENCE PROGRAM (HFSP) 


CALL FOR NOMINATIONS FOR THE 
2010 HFSP NAKASONE AWARD 


online @sciencecareers.org 


In keeping with its mission to stimulate innovative international research, HFSP invites nominations for a new 
annual award highlighting frontier contributions in the life sciences. This award recognizes the vision of former 
Prime Minister Nakasone of Japan in the creation of HFSP. Typically these will be conceptual breakthroughs for 
investigating the complex mechanisms of living organisms which have important consequences for scientists 
throughout the world. Both theoretical and methodological contributions are eligible. 


areers 


se 


~ 


This is an open competition, not limited to HFSP awardees and there is no age limit for candidates. However 
the jury will pay particular attention to recent breakthroughs by younger scientists. Two or more investigators 
may be nominated jointly if the breakthrough resulted from their close collaboration. Nominations should be 
made before March 1st 2010 via the HFSP website using the standard one-page nomination form (download 
from hittp://bit.ly/4Oxjgz). After an initial selection by the HFSP Council of Scientists, the final decision will be 
made by a prestigious Award Committee (membership to be announced later on the website). 


Science ( 


The winner of the award will receive an unrestricted research grant of 10.000 USD, a commemorative medal 
and will be expected to deliver a plenary lecture at the HFSP annual awardees meeting (in Kerala, India from 
November ‘st to 3rd, 2010). 


Please see our web site www.hfsp.org for further information 


HFSPO, 12 quai Saint-Jean, 67080 STRASBOURG Cedex, FRANCE 


J 
Science Caree FS is the forum Science Careers is dedicated to opening new doors and 
: ° answering questions on career topics that matter to you. 
that ANSWeTS q uestions. With timely feedback and a community atmosphere, our 
careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Science Careers Forum: 
» Relevant Career Topics 
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» Timely Advice and Answers 


» Community, Connections, 
and More! 


Visit the forum and join . 
the conversation today! Your Future Awaits. 


| fromthe journal Science MAYAAAS 
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Professor H. Phillip Koeffler 
Department of Medicine, 

Yong Loo Lin School of Medicine, 
National University of Singapore 


Professor H. Phillip Koefflerss cancer research 
endeavours to identify unique genomic abnormalities 
of selected Asian cancers, and to explore the 
biologic and clinical significance of PAX5 deletions, 
mutations and fusion products in acute leukaemia. 


Professor Teh Bin Tean 
National Cancer Centre Singapore 


A leading kidney cancer research scientist, 
Professor Teh Bin Tean is working on setting up a 
hereditary cancer clinic and a molecular diagnostics 
laboratory in National Cancer Centre Singapore. 
He is also helping to establish key regional and 
international collaborations that will enhance 
the status of Singapore as the regional hub for 
translational cancer research. 


Professor Michael Chee Wei-Liang 
Duke-NUS Graduate Medical School Singapore 


Professor Michael Chee investigates the functional 
imaging correlates of cognitive changes in acutely 
sleep-deprived adults. He seeks to identify 
cognitive vulnerabilities as well as to why some 
persons are susceptible to sleep deprivation. 
He also contributes to efforts to characterise 
cognitive aging in Asians and supports a flagship 
project on persons at high-risk of conversion to 
schizophrenia. 


Professor Wong Tien Yin 
Singapore Eye Research Institute, 
Singapore National Eye Centre 


Research on retinal vascular imaging by Professor 
Wong Tien Yin and his team found that by studying 
the blood vessels in the retina, it can predict 
diabetes, stroke, heart disease, hypertension 
and other vascular diseases, independent of 
conventional risk factors and diagnostic modalities. 
Now the team is looking into designing a software 
to measure retinal vascular changes which can 
non-invasively predict cardio vascular disease. 


Professor David Bruce Matchar 
Duke-NUS Graduate Medical School Singapore 


Professor Matchar’s research relates to clinical 
practice improvement - from the development of 
Clinical policies to their implementation in real world 
Clinical settings. His work covers a broad range 
of clinical issues including cardiovascular disease, 
disabling neurological disorders such as stroke and 


Ms dementia, and oncology. 


Professor Daniel G. Tenen 
Cancer Science Institute of Singapore, 
National University of Singapore 


A world-renowned cancer research scientist, 
Professor Daniel Tenen is researching to devise 
an effective and safe in vivo gene delivery system 
targeting hematopoitetic stem/progenitor cells that 
have wide applicability in treating leukaemias and 
lymphomas. If successful, it will be a breakthrough 
in stem cell cancer research. 


Professor David M. Virshup 

Duke-NUS Graduate Medical School 

Singapore 

Aleading researcher in cell signaling, Professor David 
Virshup studies regulatory proteins that control cell 
growth and development. These pathways control 
cancer and stem cell proliferation. Through his work 
in Singapore, he aims to find means to selectively 
kill cancer cells. 


SINGAPORE TRANSLATIONAL RESEARCH 
(STAR) INVESTIGATOR AWARD 


The STaR Investigator Award is a prestigious award, jointly offered by 
the Singapore Ministry of Health’s National Medical Research Council 
(NMRC) and the Agency for Science, Technology and Research (A*STAR), 
to recognise and support investigators with outstanding qualifications in 
translational and clinical research. 


Tenable in Singapore, STaR Investigators can start a new research 
programme which can potentially advance Singapore’s priorities in 
biomedical research and healthcare, and spend up to 20% of their time 
engaging in direct patient care. Recipients of the award will receive 3- to 
5-year salary remuneration, research support and a one-time start-up 
grant. 


The award is funded by the Singapore National Research Foundation. 


If you have the star quality that we are looking for, why not send us your research proposal. 
For more information, please visit us at httos://www.nmrc.gov.sg. 


« Singapore Translational Research (STaR) Investigator Award 


National Medical Research Council (NMRC) 


MINISTRY OF HEALTH 
SINGAPORE 


11 Biopolis Way, #09-10/11 Helios, Singapore 138667 
For further enquiries, you may email to: MOH_STAR_NMRC@moh.gov.sg SINGAPORE 


Agency for 
Science, Technology 
and Research 


To meet the challenge of the competitive economy in the new millennium, private industry and 
government research agencies must expand the pool of technical talent. AAAS started Entry 
Point!, a program that offers students with disabilities competitive internship opportunities 
A 3 pace in science, engineering, mathematics, computer science, and some fields of business. 
Students with Disabilities hae : : ‘ : 
And this is just one of the ways that AAAS is committed to advancing science to support a 
healthy and prosperous world. Join us. Together we 


can make a difference. aaas.org/plusyou/entrypoint n\ AAAS + U AN 


Entry Point! 


AAAS iS Her 


Z - 


Remote, isolated, catastrophic events occur across the globe that affect civilians, the 
environment, indigenous rights, and more. The AAAS Science and Human Rights Program 
uses geospatial technologies to broaden the ability of non-governmental organizations 
to rapidly gather, analyze, and disseminate information in these times of crisis. And 
this is just one of the ways that AAAS is committed to advancing science to support 


a healthy and prosperous world. Join us. Together we n\ 
can make a difference. aaas.org/plusyou/humanrights /7/ AAAS + U aaa AN 


Geospatial Technologies 
Human Rights 
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UF FLORIDA 


The Foundation for The Gator Nation 
CHAIR, DEPARTMENT OF 
PHYSIOLOGICAL SCIENCES 
University of Florida 

The University of Florida, College of Veterinary 
Medicine, is seeking nominations and applications 
for Chair of the Department of Physiological Sciences. 
The Chair is the administrative officer of the Depart- 
ment with overall responsibilities for faculty recruit- 
ment, mentoring, and promotion; budget management, 
and instructional activities. The Chair is expected to 
provide strong leadership in research, veterinary stu- 
dent education, graduate student education, and 
service. The Chair will work with the hospital board 
to provide high quality diagnostic clinical pathology 
service for the Veterinary Medical Center. The Chair is 
also expected to provide close liaison with the scientific 
community of the Health Science Center, Institute of 
Food and Agricultural Sciences, and the University and 
state of Florida at large. 

The Department is responsible for teaching anato- 
my, physiology, pharmacology, toxicology, and clinical 
pathology in the veterinary curriculum. Department 
faculty members also provide graduate student training 
in areas of research expertise. Current areas of De- 
partment research expertise include neuroscience, 
cardiopulmonary physiology, aquatic and nano toxi- 
cology, bone biology, and rickettsial diseases of blood. 

The successful candidate will have an earned 
Doctorate and be qualified for appointment to the 
rank of FULL PROFESSOR. A strong record of 
research and university instruction, substantial leader- 
ship, and organizational skills and a commitment to 
equality of opportunity are required. 

Letters of application should include curriculum 
vitae, names of three persons who can provide letters 
of reference, and a statement of career goals. Ap- 
plications should be received by April 1, 2010. All 
correspondence should be directed to: 


Dr. Charles Courtney, Search Committee Chair 
College of Veterinary Medicine 
University of Florida 
P.O. Box 100125 
Gainesville, FL 32610-0125 
Telephone: 352-294-4211 
E-mail: courtneych@vetmed.ufl.edu 
The University of Florida is an Equal Opportunity Access/ 
Affirmative Action Employer. Women and minority candidates 
are especially encouraged to apply. 


School of Medicine 


The Department of Environmental Medicine at 
New York University (NYU) Langone Medical Center 
is seeking individuals using contemporary cellular and 
molecular approaches with research interests in epi- 
genetics and toxicology or environmental disease 
etiology such as cancer or cardiovascular disease for a 
full-time, tenure-track position at the ASSISTANT or 
ASSOCIATE PROFESSOR level. The laboratories 
(100,000 square foot facility) are located 45 minutes 
northwest of Manhattan near Tuxedo, New York. 
Please electronically send letter of application, curricu- 
lum vitae, description of research interests and goals, 
and a list of three references to Dr. Max Costa, 
Professor and Chair, e-mail: max.costa@nyumc.org. 


Help employers find you. 
Post your resume/cv. 
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POSITIONS OPEN 
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FACULTY POSITIONS 
in Pharmacology and Toxicology 
University of Mississippi Medical Center 


The Department of Pharmacology and Toxicology 
invites applications from outstanding scientists for sev- 
eral tenure-track positions at all academic levels, 
persons with research interests in cardiovascular phar- 
macology, diabetes and metabolic diseases, anticancer 
agents, and pharmacogenomics/genetics. Outstanding 
applicants with interests in other areas of pharmacol- 
ogy will also be considered. Candidates must hold a 
Ph.D. and/or M.D. degree and have postdoctoral ex- 
perience. Applicants will maintain a strong, extra- 
murally funded research program and participate in 
the Department’s teaching programs. We can offer an 
excellent startup package, modern laboratory facilities, 
hard money salary support, and access to institutional 
core facilities. The Jackson area is a rapidly expanding 
metropolitan area with a moderate climate, low hous- 
ing costs, and excellent schools. Review of applications 
will begin in January 2010. Please send curriculum 
vitae, a description of research interests, and a list of 
three references to: Richard J. Roman, Professor and 
Chair, Department of Pharmacology and Toxicol- 
ogy, University of Mississippi Medical Center, 
2500 North State Street, Jackson, MS 39216- 
4505. E-mail: rroman@pharmacology.umsmed.edu. 
Equal Opportunity Employer, Minorities/Females/Persons with 
Disabilities /Veterans. 


UNIVERSITY 


BASIC SCIENCE FACULTY 
Mercer University School of Medicine 
Savannah, Georgia, Campus 

Mercer University School of Medicine invites appli- 
cations for two full-time, tenure-track (rank open) 
Faculty appointments in the Department of Bio- 
medical Sciences at the new expansion campus on the 
site of Memorial Health University Medical Center in 
Savannah, Georgia. 

Successful applicants are expected to participate in 
an interdisciplinary, clinically relevant, problem-based 
learning curriculum for medical students. A demon- 
strated ability to develop an independent research pro- 
gram capable of attracting extramural funding is 
strongly desired. 

Candidates must hold a doctoral degree (Ph.D., 
M.D., or equivalent) from an accredited university/ 
college and have appropriate postdoctoral experience. 
Preference will be given to applicants with educational 
or teaching expertise in one or more of the following 
disciplines: medical histology/embryology, micro- 
biology, and physiology. 

Review of applications will begin immediately and 
continue until positions are filled. Priority will be given 
to applications received by March 1, 2010. For full 
description and qualifications of the position, please 
refer to website: http://www.mercerjobs.com. 
Affirmative Action/Equal Opportunity Employer/ADA. 


FACULTY POSITION 
Medical School 

Saint James School of Medicine invites applications 
from candidates with teaching, research, and/or admin- 
istrative experience in any of the basic medical sciences 
for its campuses in the Caribbean and its corporate of- 
fice in Chicago. Immediate needs in anatomy, physiol- 
ogy, pathology, and pharmacology. Applicants should 
hold an M.D., D.O., and/or Ph.D. with a minimum of 
five years of experience. 

U.S. teaching experience desirable. Retired persons 
with experience in medical education are encouraged 
to apply. Attractive salary and benefits. Submit curric- 
ulum vitae electronically to e-mail: career@sjsm.org 
or mail to: HRDS, Inc., 1480 Renaissance Drive, 
Suite 300, Park Ridge, IL 60068. 


POSITIONS OPEN 


Two POSTDOCTORAL POSITIONS are imme- 
diately available at The University of Utah School of 
Medicine in Salt Lake City to study the role of stem 
and progenitor cell maintenance and differentiation 
on the mechanisms of myofibrillar diseases linked to 
redox dysfunction and protein misfolding disorders 
(Rajasekaran, N.S. et al., Ce// 130(3):427-39, 2007; 
Rajasekaran, N.S. et al., Physiol. Genomics 35(2):165- 
72, 2008). Outstanding Ph.D. candidates will be 
selected from major disciplines in biochemistry, cell 
biology, metabolomics, and genetics. Our location in 
Salt Lake City, Utah, combines fabulous outdoors in 
both winter and summer sports with an international 
atmosphere in our laboratory. Successful candidates 
will join an integrated team using systems biology of 
cell-based therapies to unravel the underlying mecha- 
nisms between redox biology and human protein 
misfolding diseases. Competitive salaries between 
$39,000 and $46,000 (U.S.) are based on experience, 
skills, and levels of independence. Applications are due 
before March 5, 2010. Please send curriculum vitae 
and two letters of recommendation and/or refer- 
ences to: Professor Ivor J. Benjamin, c/o Jennifer 
Schroff, 30 N. 1900 E., Salt Lake City, UT 
84132. Or e-mail: jennifer.schroff@hsc.utah.edu. 

The University of Utah is an Affirmative Action/Equal Op- 
portunity Employer and does not discriminate based upon race, 
national origin, color, religion, sex, age, sexual orientation, gender 
identity/expression, disability, or status as a protected veteran. 
Upon request, reasonable accommodations in the application process 
will be provided to individuals with disabilities. To inquire about 
the University’s nondiscrimination policy or to request disability ac- 
commodation, please contact: Director, Office of Equal Op- 
portunity and Affirmative Action, 201 S. Presidents Circle, 
Room 135, telephone: 801-581-8365. 

The University of Utah values candidates who have experience 
working in settings with students from diverse backgrounds, and 
possess a demonstrated commitment to improving access to higher 
education for historically underrepresented students. 


ASSISTANT PROFESSOR 
Integrative Physiologist 

McMaster University, Department of Biology 

McMaster University, a research-intensive institu- 
tion and leading centre for biological and biomedical 
research, invites applications for a tenure-track posi- 
tion in the Department of Biology, effective July 1, 
2010. We are in search of an applicant with a produc- 
tive research program, who studies the physiological 
response to stress at multiple levels (molecular, cellular, 
genetic, organismal, population, or ecosystem). We seek 
applications from candidates at the Assistant Professor 
level; however, exceptional candidates at the Associate 
Professor rank will also be considered. The successful 
applicant will be expected to establish and maintain an 
independent and externally funded research program 
and contribute to the education of undergraduate and 
graduate students. Exceptional candidates will be consid- 
ered for a Canada Research Chair Career award (website: 
http: //www.chairs.gc.ca/). More information on re- 
search strengths in the Department can be obtained 
at website: http://www.biology.mcmaster.ca/ 
index.html. 

Applicants should submit curriculum vitae, a state- 
ment of their research goals, a statement of their teach- 
ing interests and experience, names of three references, 
and three of their most important publications to be 
sent to: Dr. Patricia Chow-Fraser, Professor and 
Chair, Department of Biology, McMaster Univer- 
sity, 1280 Main Street West, Hamilton, Ontario 
L8S 4K1, Canada. E-mail: biolappl@mcmaster.ca. 
Electronic submission is preferred. The closing date 
for applications is March 15, 2010, or until the po- 
sition is filled. 

All qualified candidates are encouraged to apply; however, 
Canadians and permanent residents will be given priority. McMaster 
University is strongly committed to employment equity within its 
community, and to recruiting a diverse faculty and staff: The Uni- 
versity encourages applications from all qualified candidates, including 
women, members of visible minorities, Aboriginal persons, members 
of sexual minorities, and persons with disabilities. 
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Moving Stem Cell 
Research Forward 


The Need for Standardization 


WEBINAR 


January 28, 2010 


11 am EST, 8 am PST, 4 pm GMT 


Stem cell research has the potential to significantly impact a broad 
range of life science endeavors, ranging from improved drug dis- 
covery processes to revolutionary new therapeutics. The ability to 
control differentiation of stem cells into specialized cell types with 
high yield and precision is a key success factor that will determine 
the ultimate utility of such research. However, researchers are fac- 
ing significant challenges in these efforts because stem cells are 
difficult to handle and there are very few automated or standard- 
ized tools available in this relatively new field. In this hour, we will 
hear from three panelists on the need for, and progress toward, a 
new level of standardization and automation in the management 
and handling of stem cell cultures and their differentiated progeny. 


Webinar viewers will: 


* learn about common hurdles to be overcome when 
culturing stem cells 


* obtain guidance on best practices for 
handling and manipulating stem cells 

* hear about the latest technologies for 
standardizing and automating stem cell culture 


* have the chance to put their questions to the 
panelists live! 


Register Now! 
Sign Up At: 
www.sciencemag.org/webinar 


Participating Experts: 


Ron McKay, Ph.D. 
National Institutes of Health 
Bethesda, MD 


Mark D. Noble, Ph.D. 


University of Rochester 
Medical Center 


Rochester, NY 


Amy Wagers, Ph.D. 
Harvard University 
Boston, MA 


Brought to you by the 
AAAS/Science Business Office 


Webinar sponsored by Cyntellect 


